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1. INTRODUCTION

After a brief historical background on the discovery of semiconductor
device upset by single ion impact, we describe analytical models that have
been offered in the literature to quantify the phenomenon. This section
concludes with a statement of the objective of this research and a discussion
of its relevance to the device~physics community.

1.1 Background

The first published recognition of the threat of upset in electronics
from energetic ions came from Binder, Smith, and Holman in 1975 [(1]. They re-
ported that anomalous upsets in the operation of orbiting communications
satellites were attributable to the triggering of digital circuits by cosmic
ray particles. They further showed that the upset rate correlated well with
the flux of iron cosmic rays measured at orbit altitudes. May and Woods in
1979 reported that o-particles released during radioactive decay of impurities
in packaging materials also produce soft errors in some semiconductor devices
[2]. Following this observation, Hsieh, Murley, and O'Brien studied the
mechanisms of charge collection in silicon junctions struck by a-particles [3-
5]. Their approach was to generate self-consistent spatial and temporal
records of the electric field and charge carrier motion using a computerized,
{inite-difference, simultaneous solution of Poisson's equation and the elec-
tron and hole continuity equations. To derive the initial conditions, they
superimposed the electron and hole distributions of the a track onto the pre-
strike charge and field distributions of a representative silicon n*p Jjunc=
tion. They were particularly interestad in the relative importance of ambi-
polar diffusion and electric-field drift transport in the charge-collection
process. Their modeling effort predicted that more charge should be collected
by electric-field drift than was generated by the ion in the depletion layer
of the device. This result was unexpected because the electric field was
thought to be confined to the depletion layer even through the ion strike.
Their solution showed that the initial movement of the ionization charge into
the high-field region near the junction produced a strong distortion of the
electric field, causing the field to extend farther down the track into the
formerly neutral region (see fig. 1). Although it is not shown in the figure,
the ion track in figure 1(a) is believed to extend approximately to the 5=V
contour, The closer spacing of contours beyond this marks the high field
region at the tip of the track. This field distortion--they called it field
funneling--significantly increased the amount of track charge exposed to the
collection field. Since drift transport is a very fast process compared to
field-free carrier diffusion (which until that time was widely viewed as the
dominant transport mechanism {6]), they concluded that the single-event upset
(SEU) threat from a-particles was much greater than was commonly believed,
especially for current-sensitive devices.

To verify the results of their computer calculations, Hsieh and his
coworkers made a variety of high-speed charge-~collection measurements on sili-
con devices bombarded by a=-particles. Their measurements indeed showed that
significantly more track charge is collected in the first nanosecond (i.e., by
drift transport) than is generated in the depletion layer, a verification of
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Figure 1. Equipotential contours in an n+p silicon diode (substrate re-
sistivity = 14 ohm~cm) reverse-biased to +7.5 V at times t after a
4,3-MeV a-particle strike: (a) t = 0.1 ns, and (b) t = 1 ns (from
Hsieh et al [3]).

their funneling prediction. For many bias and doping conditions, additional
charge was collected during the ensuing nanoseconds, and was readily identi-
fied as the diffusion contribution. In the course of hundreds of measurements
at various junction biases and on devices having different resistivities, they
further demonstrated that drift collection was more dominant at higher biases
and in devices having higher resistivities, i.e., lower doping concentrations.
The latter effect they attributed to the persistence of funneling action until
the track ionization density near the junction approached the substrate doping
density, a process that takes longer for the lower doping densities. Hsieh et
al also concluded that the soft error rate (SER) would not be scaled down with
the device dimensions as would be expected if diffusion were the principal
collection mechanism. They pointed out that the amount of drift charge
collected in a given strike is essentially independent of collection area,
since carriers are funneled back along the track to the struck node. Their
strongest recommendation for reducing the SER was for circuit designers to
selcct more highly doped substrates for their devices.

1.2 Review of Funnel Models

After Hsieh, Murley, and O'Brien reported their findings, several re-
searchers independently sought a means of quantifying the funnel effect in
terms of simple analytical treatments, treatments not dependent on the costly
and time-consuming computer modeling techniques used by Hsieh et al. These
were C. Hu, G. C. Messenger, and the tean of F. B. McLean and T. R. Oldham.
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': 0 Hu has given what appears to be the simplest formulation for the

Q o funnel length L [7]. For a track density much greater than the doping den- ;
R sity, Hu assumed that the original depletion layer field drives the majority -
N carriers down the track into the neutral region. In the p~type semiconductor bt
' E‘ of his example, these carriers were holes. t'
p o [
§“ﬁq He calculated the Ohm's law field produced by this hole current and %:
o then assumed that the minority carriers in the track are pulled from the :;

neutral region into the depletion layer by this same field. He gave this

. field as ',
.‘ -l
A !'.‘a 5;‘
e g I/A 1
o) E-L. 2 . _B_ ()
»j o nau, n'qup ! -
0

- where J is current density, o is the ion-track conductivity, is the hole g
ﬁ_? current, A is the track's cross-sectional area, n is the hole J%n31ty in the :ﬁ
y QP track, n' is the hole line density (hole density per unit length of track), q !
§5' is the electronic charge, and u, is the hole mobility. §.
‘sheld "
DO &
Haed Hu let this field drive track electrons in the neutral substrate to -
- the neutral/depletion-layer interface (the "edge" of the depletion layer) with 3
.fc a velocity K:

Wi e =~
v't".t‘ I (t) :f
Nt dr "n'p :
ﬁ V(Y‘,t) = = az =\ E(r’t) = 'qu ’ (2) ,f
4 p y
] where Hp is the electron mobility. With distance r measured from the edge of 5
-ﬁﬁ the depletion layer, r = R was defined as that furthest position down the v
ﬁ;# track from which a minority carrier could be brought by drift to the edge of oﬂ
356 the depletion layer: g?

4 %

. U 1 -

§ n LWt
S r(t) = R ~ f I dt (3) '
? ' ’ ~
o n qup o P ."\-‘

4 Y
W' where 1 is the duration of drift collection. Hu stated that when electrons S
), starting at r = R reached the edge of the depletion layer, i.e., when their M

) »(t) » 0, the integral in (3) had to equal the original number of holes in the ..
51. depletion region, n'qW/cos 0, where W is the depletion depth at the end of the X
‘\? drift collection process, and 0 is the angle of the track relative to the :x

$§ junction normal. Then A
0N o
» R = w“n/(“p cos 0) . (4) S

" The total drift collection length L was therefore -

W
‘&:‘ M W -

.‘F w n RS
1% = — = — ’-.

‘ﬁ L cos O + R (1 * N ) cos O ° (5) o
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] In n-type semiconductors, the subscripts would be reversed. Note that this
expression calls for greater funneling in p-~type materials than in n-type
because I > Une Hu derived a different expression for the case where the
doping density 1s higher than the track density, and assumed in this case that

v _K
r
>

‘:9%&&#&53
o SR

f; holes are driven isotropically into the neutral half~space. He found that m?
18 this result gave essentially the same result as that given by equation (5), 'gﬁ
N and concluded that his treatments were not sensitive to the choice of current 3?
t\ flow patterns. Hu also derived an expression for the time-dependence of the g#
collection current, and, with judicious choice of values for electron and hole e
o mobilities, drew favorable comparisons between his model and certain experi=- E%
N mental data of Hsieh et al. He concluded finally that his model required all (-
ol charge in the track to be set in motion by the Ohm's law field. As a result, x;
many of the charge carriers not quite reaching the depletion layer edge at the G
'1* end of the drift collection interval would diffuse the rest of the way in a Rﬁ
- short time interval, and further exacerbate the SEU problem. ii
K m=
8 In a later treatment based on the same notion of majority carrier ;;
\ﬂj flow into the neutral region, G. C. Messenger called for a funnel to be estab- r}&
}' lished by the hemispherically isotropic diffusion of majority carriers into :;
W the neutral substrate, following the substrate's spreading resistance [8]. o
:‘ The value given to this resistance was
-
= R_(t) = p/4L_= p/WD t , (6) =
. 5 p p -
L S

where L_ is the majority carrier diffusion length, p is the resistivity of the
N substrage, D_. is the majority carrier diffusion constant, and t is the time
after the ion strike.

24 [
o8 For purposes of evaluating funnel length, Messenger chose to evaluate t,:
fi Ry at that time when the radially averaged ionization density of the track was ,;x
: reduced by diffusion to the substrate doping level Np: N
A
e n'
S T = , (7) o
N DMy W
r.'; :.‘:
jk‘ where n' is the ionization line density. The current in the spreading resis- g&
tance R_ was set equal to the ambipolar longitudinal current in the depletion NG
)\ layer segment of the track, ‘-_
L e
e "o,
-':1 I -~ 2qun'E (8) o
- "By .
o o
2 M.

where q is the electronic charge, E is an algebraic mean of electron and hole
mobilities adjusted for high-field nonlinearities, and Eo is the initial
depletion layer field.

The applied voltage V, was thus divided between the depletion layer
segment of the track and the diffusion distance into the neutral region,

. _ <.
5 Vo = Vy + IRy (9 N
:Ifl s
"J-' . W
v "2 o
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where V., is now the reduced drop across the depletion layer. Messenger then
defined "his funneling enhancement factor as

Fee=ag— (10)

With this funneling factor, Messenger's expression for the drift
collection current was given by

v
I(t) = ~2q:|n'Eo sec @ <K%Rs> [exo(-; %E t> - exp(-—bt)] , (11)

where 0 is the track angle relative to the junction normal, and the square
bracket reflects the influence of two time constants, the first being the
junction's collection time constant, and the second, the time required for the
ion to establish the ion track (typically -10~!! s),

In a final step to facilitate the fitting of these results to exper-
imental data, Messenger called for the insertion of two free parameters, a and
8. The first was to be used as a multiplier of ¢, the time required for
diffusion to reduce the average track density to the value of the semicon-
ductor doping density, as in equation (7); this t was identified as the criti-
cal time constant for drift charge collection. The second was to be used as a
multiplier of Rs, the spreading resistance. Messenger called for these two
parameters to be assigned values that produce the best agreement between his
model's predictions and measured data. No assessment of prospects for assign-
ing universal values to these constants was given, nor were actual comparisons
to data included in his paper.

A third model of funneling was reported by the team of McLean and
Oldham [9]. Their treatment was a phenomenological model based on the concept
of an effective funnel length. It described an essentially radial ambipolar
diffusion of ionization charge within the track plasma column and a coincident
drift collection of carriers only from the exterior sheath of the column. The
sheath was defined as that part of the track where the ionization density has
fallen approximately to the value of the doping density, and where a radial
charge separation occurs. The funnel was said to extend down the ion track as
the initial junction is neutralized during early drift collection. For sim-
plicity, the longitudinal electric field E; was assumed to be essentially lin-
ear over the effective funnel length Lc. This length was given as the average
distance down the track that the field reaches, and from which drift currents
are collected. Accordingly, charge collected by drift was given as
Q = qNo(L L., (12)

c’c

where q is the electronic charge and ﬁo(Lc) is the ionization line density
averaged over L,. Note that this use of a line density averaged over Lc
insures that Q. Will never exceed the total ionization charge produced in the
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track, even if the predicted funnel length Lc should exceed the actual length
of the track. The collection length Lc was formally defined as the depletion
layer depth Xq plus that portion of the track extending into the initially
neutral region from which minority carriers are funneled during the collection
time interval Tt

LC = Vd'[c + xd N (13)

Here, v » the average drift velocity, was to be evaluated self-consistently
with the expression

(W)

where v0 is the applied bias voltage and u (E ] is the field-dependent mobil-
ity of minority carriers (electrons in this éxample) averaged over L.. The
charge collection time 1 was derived using several additional assumptions.
The radial field responsible for ionization charge separation was assumed to
be excluded from the core of the plasma column, Its effect was therefore
limited to pulling the holes out of the sheath. Once outside the plasma
column, these majority carriers were assumed to be turned into the substrate
by the field outside the track sheath. Near the surface of the device, the
radial separation field was assumed to have a value comparable in magnitude to
the initial depletion layer field at the surface, Eq = Vo/xd' The escaping
hole current density was then given as

Jp = NAVp Py (15)
where vp is evaluated for a field magnitude |Vo/xd|, and NA is the acceptor
doping density for the p-type bulk silicon represented in the model. As the
majority carriers are pulled out of the track into the surrounding space, they
leave an equal number of uncompensated electrons behind. An assumption of
plasma neutrality required that the collection rate for minority electrons at

the surface node equal the escape rate for majority holes out of the sheath.
Then, using (15),

dN 172
% = 21lr‘(t)Jp = ZWLDJp = lHrNAvp(Dt) . (16)

In this expression, N is the plasma line density, v. is the hole escape veloc-
ity in the separation field, and the radius of té% chargq;aeparation sheath
r(t) has been set equal to the diffusion length L = (4Dt) <, where D is the
ambipolar diffusion constant and t is the time after the ion strike. The
integration of this expression yields

¢ \372
N(E) = N1 - (=
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(18)

Te is the value of t for which N(t) » NA = 0, i.e., the time to complete drift
collection. Note that the assumptions above call for funneling to continue at
a rate governed by the product of the majority carrier current density at the
sheath radius, J, = Npv,, and the sheath surface area, which is continually
expanding because of ambipolar diffusion. Thus, in effect, ambipolar diffu-
sion is an important regulator of the drift collection rate in the McLean-
Oldham model.

In their paper, the authors compared their effective funnel length
predictions witQ experimgntal data that they obtained bombarding variously
doped silicon n'p and p n diodes with 2“'Am a-particles. Their instrumen-
tation was similar to that used by Hsieh and his coworkers. The agreements
were quite good throughout the range of test parameters covered. In particu~
lar, their measurements showed the predicted dependence of prompt collected
charge on doping level and bias. Moreover, they invariably observed larger
collections in p-type silicon than in n~type silicon. This again is predicted
by their model because L, depends directly on the minority carrier mobility
(eq (13) and (14)). In p-type silicon, the minority carrier is the electron,
which is more mobile than the hole.

A year after they first introduced their effective funnel length
model and experimentally verified its accuracy for a-particles, Oldham and
McLean sought to apply their treatment to the case of silicon junctions struck
by heavier ions (beryllium, oxygen, silicon, and copper) [10]. 1In this paper,
they took the opportunity to introduce a slight modification to the model that
provided a more realistic representation of the radial ionization distribution
in the ion track. Instead of modeling a uniformly ionized track with sheath
radius r(t) = Lp as in reference 9, they derived a modified sheath radius:

r(t) = gLy = 28(Dt)172 (19)

1172, (20)

g = <{zn(N°/unNADt)

is the direct result of replacing the uniform track plasma density with a rad-
ial Gaussian distribution centered on the track axis and normalized to the
diffusion length Lp- The brackets in equation (20) denote "an appropriate

time average over the drift collection time." Because B has only a weak
functional dependence on the argument of the logarithm, the authors elected to
accomplish the averaging by setting t = 10/2, where 1, was calculated with

B = 1 in equation (21).* The modified charge collection time was then

*F, B, McLean (Harry Diamond Laboratorfies), private communication.
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ﬁé For Lc >> Xq» the collected charge was approximately

)

5 &

KR QW= |—775 . (22)
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L

.QQE For a-particle tracks, the effect of B was to reduce Q. by 6 to 12

jﬁi percent. This result slightly improved the already good agreements found in

qﬁ; their treatment of a-particles., The effect of B for much heavier particles

Sl such as the copper ion was to reduce the QC prediction by as much as 30 per-
cent. Even with this correction, the model still overpredicted prompt charge

o collection from tracks formed by ions heavier than beryllium. The relative

ﬁ&‘ differences were greatest in the midrange of bias (5 to 15 V), where the model

;&Q predicted prompt collection of all charge in the track. These 100-percent

&@: collection predictions were usually two to three times larger than the corre-

‘Qﬁ sponding measurements. The authors attributed this result to the model's rep-
resentation of the longitudinal electric field as a field linearly decreasing

b, from VO/L at the surface to zero at the end of the effective funnel length.

LS For lightly ionized a and beryllium tracks, they felt that this was a reason-

) able representation. They suggested that tracks formed by heavier ions may

%‘1 have such large ionization densities and high conductivities that screening

oy effects on the initial junction field reduce the potential variation along the
track to values much smaller than VO/LC, leaving most of the applied bias

e potential to fall across the nonionized region beyond the end of the ..ack.

E@%\ In this case, the smaller longitudinal field along the track would collect the

-§§ much smaller amounts of prompt charge seen in their heavy-ion experiments.

The research described above was all directed at SEU in silicon, the
semiconductor material from which state-of-the-art electronic switching de-
A vices are almost exclusively made., Citing the increasing importance of GaAs

.“u- in radiation hardening applications, Hopkins and Srour reported studies of SEU
:@ﬁ‘ charge collection and funneling in GaAs devices [11]. The ions they used in
ﬁﬁﬁ their experiments were 5-MeV qa-particles emitted from a 2““Cm tnin-foil
LN source, Their targets, n-type Schottky-barrier GaAs diodes, were formed from
gold metallizations on doped epitaxial layers, with ochmic contacts on the
ﬁ”i semiconducting substrates. The epitaxial layers, 7 to 20 um in thickness,
%ﬂ' were doped with sulfur (a donor) to densities in the range of 10!* to 10'¢
}'; em™?, while the semiconducting substrates were all doped with tellurium at a
ﬂaj density of ~3 x 10'® cm™®. Instrumentation was essentially comparable to that
S used by Hsieh et al and McLean and Oldham.
J : In their report, Hopkins and Srour discussed the effect of recombina-
‘1. tion on the charge collection process in their diodes. They considered Auger
% ) (inverse impact-ionization), radiative (direct band-to-band), and Shockley-
ey Read-Hall (trap-assisted) recombination processes. Using the limited and
B8 widely scattered data on cross sections and recombination rates seen in the
- literature, they assigned approximate regimes of predominance based on track
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ionization densities as follows: Auger recombination above 102%! em™®, radia-
tive recombination between 10!7 and 10?! em™?®, and Shockley-Read-Hall recom-
bination below 10'7 em™®, Assuming initial ionization densities in the core
of the o track of ~3 x 102! cm™?, they estimated an associated Auger lifetime
of tens of picoseconds. Estimating 1initial average noncore densities of ~5
x 10'® em™3, they gave a minimum radiative lifetime of ~-0.4 ns, and noted that
radiative recombination would dominate beyond this time until ionization den-
sities approached 10!'” cm~®. By this time, the charge collection process is
essentially complete. If track densities were reduced only by recombination,
this last regime would be reached through radiative recombination over tens of
nanoseconds. In reality, ambipolar diffusion and plasma erosion by bias
fields add to the effects of recombination in reducing the ionization
density. However, the authors stopped short of an attempt to treat these
multiple concurrent mechanisms analytically. Instead, they noted that in
those measurements where a tracks were entirely enclosed in the high-field
depletion layer (where one expects 100-percent collection by drift), only 85
percent of the charge initially produced was collected. They attributed this
shortfall to the effects of prompt recombination in the track core during the
collection interval. r[hey also noted that the collection percentage increased
slightly with small increases in the bias. They saw this as an indication
that recombination might be 1larger than 15 percent at 1lower biases, but
concluded that avalanche ionization at these higher biases could also be
responsible for the effect. As a result of these considerations, Hopkins and
Srour included a 15-percent recombination term in the comparisons of their
data with the Hu and McLean-0Oldham models.

These comparisons were made only for a single data point in the
measurements on a single sample doped to 1.4 x 10!% em™3. This data point
corresponded to a 5,0-MeV a strike and a reverse-bias voltage of 20 V. Under
these conditions, prompt charge was collected commensurate with an 8.0-uym col-
lection length. The authors applied the McLean-Oldham model and predicted an
effective funnel length of 8.0 um, a perfect agreement. A corresponding
solution of Hu's model, using an iterative solution of equation (5) with E =
20V/LC, gave a value of 7.4 um, also a good agreement for that data point.

Hopkins and Srour concluded that funneling after an a strike is a
"factor-of-two" enhancement effect in their GaAs devices, that the Hu and
McLean-0Oldham models treated it accurately, and that their GaAs data gave
evidence of a modest (15-percent) recombination effect.

In summary, several independent research groups have demonstrated
that (1) an a~particle penetrating a reverse-biased semiconductor junction
causes a rapid drift collection of ionization charge at the junction node,
(2) that the amount of charge so collected is typically greater than that pro-
duced by the a=-particle within the initial electric field region of the
device, and (3) that the excess prompt collection is adequately explained by a
field funneling mechanism, for which at least two well~defined analytical
models exist. It has also been experimentally demonstrated that heavy ions
produce funnel effects in silicon, but the one model that has been compared to
data in this case, the McLean-Oldham model, tends to overpredict prompt charge
collection by a considerable margin.
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There have been no investigations of heavy-ion charge collection in Qﬁf

GaAs, either analytically or experimentally. 1In particular, the reduced fun- ¢

neling observed for heavy ions in silicon and the possibility of the same e

effect in GaAs have not been explored. _%
&

1.3 Objective and Relevance of Research F}
{
The primary objective of this research is the experimental charac- ;E

terization of prompt charge collection in GaAs junctions struck by high-energy Y

heavy ions. Secondary objectives are the evaluation of the adequacy of the Hu Y

and McLean-~Oldham models in treating this phenomenon in GaAs, and, in the he:

process, an accounting for the apparent influence of high track densities on :}

the funneling action reported by 0Oldham and McLean. The reliance of the Y

Messenger model on free parameters makes it unsuitable for predicting results Al
in advance of measurements. For this reason, his treatment will not be
considered further in this study.

The relevance of this research stems from the potential importance of
the GaAs technology to the microelectronics industry, especially that part of
the industry dedicated to satellite electronics. There, data processing re-
quirements have traditionally pushed the state of the art, both in processing
speed and storage capacity. Improvements in the silicon technology to meet
these needs are now largely directed at the reduction of device dimensions to
the submicron level. There are clear signs, however, that progress toward
this goal is increasing the vulnerability of semiconductor junctions to upset
and damage from nuclear and space radiations, especially the radiation compo-
nents responsible for single~event effects. The increased SEU vulnerability
derives primarily from the extremely small charge transfers required for
switching submicron devices, as compared with the free charge introduced into
a junction region by an ionizing particle [12]. The increased vulnerability
of submicron devices to permanent damage derives in part from the fact that
stable defect clusters produced by energetic ions may approach the dimensions
of the device junction itself, permanently altering its conduction character-
istic [13] and increasing dark current leakage [14]. Moreover, single ions
have been shown to produce latchup and subsequent burnout in various comple-
mentary metal-oxide semiconductor microcircuits, an effect judged to be more
likely in devices with junction dimensions <2 um [15]. Thus, the concern
exists in parts of the radiation effects community that submicron miniaturiza-
tion of silicon devices to meet the speed and capacity requirements of the
electronics industry may be self-defeating, at least in terms of resistance to
SEU.

An alternative to further miniaturization is the development and use
of GaAs microelectronic devices, which are inherently less sensitive to ioniz-
ing radiation [16] and are intrinsically faster than corresponding silicon de-
vices. Electron mobility in GaARs is almost 6 times higher than in silicon
[17], so that much faster data-processing rates can be attained in the n-type
GaAs device than in silicon devices having the same dimensions. The maturity
of the silicon technology and the comparative immaturity of the GaAs technolo-
gy have delayed the widescale introduction of GaAs devices into satellite
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electronics. Nevertheless, the current dominant role of doped GaAs in short-
wave infrared optoelectronics and monolithic microwave integrated circuits,
and the importance attached to the GaAs microelectronics technology by the
U.S. Government (through the Defense Advanced Research Projects Agency*)
suggest that a* least a partial shift to GaAs will occur in the next decade.
The undetermined vulnerability of GaAs devices to heavy-ion SEU is therefore a

latent obstacle to the insertion of the GaAs technology into satellite design
and manufacture.

Additional relevance for this research project follows from the
failure of SEU models to accurately predict prompt charge collection when
heavy ions strike semiconductor junctions (recall that the McLean-Oldham model
strongly overpredicted results in silicon [10], and a similar tendency exhib-
ited by the Hu model in comparisons with gallium arsenide data will be demon-
strated later in this report). It follows that a use of these models to
predict heavy-ion results in GaAs devices will be at least equally suspect,

o especially in view of the marked difference in silicon and gallium arsenide
{ ¢: electron mobilities (electron mobility is a critical parameter in both
N models). Thus, an experimental approach is seen to be the most reliable and
fg: direct means of characterizing heavy-ion charge funneling in GaAs.

St
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*ﬁ? In the first part of this section, the basic steps taken to convert ion-
1:$§ impact conditions and parameters to predictions of simple charge collection
A9

will be described. Then a brief description will be given of the formation of
the diode depletion layer.

B
::3? 2.1 Ion Energy Considerations
Oy
b2 The first critical parameter is the ion energy at the point of entry
%
y into the charged epitaxial layer. This value determines not only the amount
) of lilonization charge produced in the diode, but the ionization distribution
?f' relative to the high-field and quasi-neutral regions. The heavy ion is pro-
Q ' duced by the tandem accelerator with a well-defined, highly resolved energy.
335‘ Subsequently, it undergoes several sequential energy-loss interactions before
i reaching the device junction. First, the ion is scattered out of the main
RS beam into a 20° side drift leading to the diode under test. The energy lost
. to the recoil of the scattering atom (gold in this case) is calculated using
Ny the Rutherford scattering theory. In this classical scattering theory, the 3
2 fq kinetic energy and momentum are conserved. Eliminating target-atom recoil \
K X parameters in the simultaneous solution of the conservation equations gives .
¥ 2 _2m cos O M~-m ]
- - = 2
O v m+M " M+m o, (23) a
’ ’ »
a: A
b
Y
0'. )‘
‘:'!'n
*Sven Russo (DARPA), private communication. Bt
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where v 1is the scalar value of the incident ion's reduced recoil velocity
(normalized to that ion's nonrelativistic incident velocity), m and M are the
masses of the incident ion and target (scattering) atom, respectively, and 0
is the deflection angle of the scattered ion, required to be 20° in this
experiment [18]. The positive root is the only physical solution to this
quadratic equation; it is

]
a2 e (- nt)smocos 0)2]72) ey
M+m

The energy Es of the ion after scattering is then

E, = szo , (25)

S

where Eo is ion's initial energy.

The low-probability, high-angle scatter of the ion into the side
drift can occur at any time during the ion's transit of the scattering foil.
During this transit, the ion is losing energy through a continuous series of
small~angle inelastic collisions with gold atoms. The ion's energy loss dur-
ing these collisions is well represented by the continuous slowing down ap-
proximation (CSDA) for which energy loss rates have been provided graphically
by Ziegler [19]. Figure 2 is a typical graph of the Ziegler energy loss rates
(stopping powers) for various atomic particles in germanium. The loss rate
data for germanium were used as approximations of the unreported 1oss rates
for gallium arsenide (with adjustments for the differing densities) since the
atomic numbers of gallium and arsenic bracket the atomic number of germanium.
Similar data from Ziegler were used to treat slowing down and ionization in
silicon. Loss rates for copper ions (atomic number 29) were not given in the
Ziegler data. However, data given for nickel (atomic number 28) and zinc
(atomic number 30) permit an accurate interpolation to arrive at loss rates
for copper ions. The complete set of Ziegler graphs for germanium and silicon
are contained in appendix A.

To insure that ion energy loss due to nuclear collisions is a small
effect in the slowing of ions in target diodes, the nuclear stopping formula-
tion reported by Ziegler was solved for the ions and energy range of interest
[(19]. Nuclear stopping is given as

Sy = 5,(8.462 Z,2,M,)/[ (M, + M) (2372 « 2372)/2] (26)

where

s, = 0.5 an(1 + €)/(e + 0.10718 €°*27%**) , and

e = 32.53 MyE/[242,(My + My)(22/2 + z3/2)1/ 2]




o
1!
“
s
(]
;i Ge(32) ccc TARGET --- Ge(32) _
5" Atom Density = 4.429x10%2 Atoms/cm® Multiply Totol Stopping by 533.8 for Units: (MeV/mm) o
W Mass Density = 5.338 Groms/cm® Multiply by 120.5 for Units: [aV/(10%% Atoms/cm?)) z
Y
':! ----- uis2)
0
\ Ral881
l;| -Po(84)
:;: r—-u.taox
i |—--0s(76)
~
..... Her2)
I o~~~
~ o Er(68)
o a —Gdl64]
: { ——Nd[60)
. -~ Cel58)
vy, -] ---- Ba(S6)
a Xe[S4)
. ~’ — 1S3}
—-8n(S0)
§ N 11— cotans
R > J---- P[46)
\3 ° ——Rul44)
v = 31— -mot42)
- h F—--zruov
ﬁ' — .S
P Sr(38)
w.{ ----- Kr(36]
n ——8rt35)
. )
E b — —Ge1321]
‘\, & o +—-zni30
194 o N
: = -—Nit2m
{n, /]
s 3. - Fet26)
; j L crr24)
W
A B
) o L —Ti(22)
& | ]
“1
w + —-cat20)

‘i* -4-—artiay
i 1
: = el
= S(16)
§

\

v 1 2 3 4 5
[}

s _ ION ENERGY ( MeV/amu )

‘.

‘ Figure 2. CSDA energy loss rates for S » U ions with energies from 0.5 to 554
¥ 5 MeV/amu {(from Ziegler [19, p 2361]). NN
A ::Q
:Q’ 21 h‘ !

X




The nuclear stopping powers given by equation (26) for the four bombarding
particles are plotted in figure 3. They may be compared to the much larger
ionization stopping powers in figure 4 [19]. The net relative energy loss due
to nuclear stopping of a 60-MeV Cu ion is shown in figure 5. As shown, the
effect is only 2.5 percent for this worst case, and almost all the nuclear
stopping occurs at the end of the particle's range. The effect is even more
negligible for the three 1lighter ions. Nuclear stopping 1is therefore
neglected in the charge collection calculations given later.

-

]
-

lonization stopping power (MeV/mg/cm?)

Nuclear stopping power (MeV/mg/cmz)

o N 0.1 LEGEND —
N TAACE 10N
—_— s ~
-—-- o :
-0
LEGEND e
TRACE 10N ! K
0.001 — o 7 0.01 ! I k
T % ! 0.1 1 10 100
....... n h lon energy (MeV)
Figure 4., Ionization stopping powers
0.001 | | for Cu, Cl, and O ions and a-
0.1 ! 10 ™ particles in Ge.
lon energy (MeV)

Figure 3. Nuclear stopping powers for
Cu, Cl, and O ions and a-particles
in Ge.

o YRR O



4
Q? % T T T T T
e
5
0i— .
700 —
t
s ~
z ]
0 $
3 £ -
B =
A0 E
e 2 -
) § Figure 5. Relative nuclear stopping
ka € - for copper ions in GaAs (Ge).
v
o
“:e: -
Fr i
’
’l
i’
. | L
: 40 50 60
1ON ENERGY (MeV)
1%
R
2' To determine a representative energy of the scattered beam, we con-
ot sider two trajectory extremes. Figure 6 depicts these two extremes for the
, copper ion incident on the gold scattering foil. In one extreme, the ion is
hg scattered into the side-drift direction upon first reaching the scattering
iy foil. The scattered ion, with energy reduced according to equation (25), then
Lo
& undergoes continuous slowing down over the distance d/cos 20°, In the second
id extreme, the ion manages to traverse the entire thickness of the foil before
i undergoing the 20° scattering event at the rear surface. During this transit,
—-— its energy is reduced according to the CSDA applied over the distance d; its
3“, energy after the 20° scatter is further reduced according to equation (25).
g As figure 6 shows, these two extremes yield scattered energies differing by
¥
h. only a few percentage points; the representative energy in the scattered beam
b is therefore taken to be just the arithmetic average of the two energies
L shown,
"
0 ]
o
[}
':l
g
i
&
'l ? 2 .
3 s%
":‘. ey
e 3
p 3

»
A

Od

o L L Y I B T . MR WL M e P R® AT L. TR N
}l'::’:‘:.:‘l.t -,‘-‘ R O b ‘ ) 4T ""*" 'J AL " ‘.J *"’ W%
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Cu ION
E=70.0 MeV
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~

— — — —
0.473 ug/cm?

Figure 6. Large-angle scattering of incident copper
ion from front and rear surfaces of scattering foil.

After the ion is scattered into the side drift, it still must trav-
erse the metallization layers of the diode before reaching the semiconductor
junction. The energy loss during this transit is again calculated using the
CSDA. Once the ion energy at the diode junction is known, the CSDA can then
be used to calculate the ion range and the ionization density along the ion's
track in the semiconductor. The ion range is found by incremental application
of the CSDA energy loss rate across short path increments to reduce the ion
energy to zero. The number of path increments required to accomplish this
stopping gives the ion range. The ionization line density is found by con-
verting CSDA energy loss per unit track length into an ion-pair line density
using the average energy required to produce a single ionization. This energy
is taken to be 4.80 eV/ion-pair in gallium arsenide, an average of those
values reported in the literature [20]. The corresponding value for silicon
is 3.65 eV/ion-pair [21].

2.2 Formation of Depletion Layer

In the large reverse-biased diodes used in this study, the steady-
state (prestrike) charge distribution is essentially that of a distributed
planar dipole layer. Figure 7(a) shows charge distributions in a cross=-
sectional view of the diode junction. Figure 7(b) shows field and potential
as a function of depth. An n-type GaAs diode is shown charged to a nominal
reverse bias, -Vo. The donor-doped epitaxy is depleted out to a distance x
by the presence of negative charge on the metallization. The portion of the
ion trajectory lying in this high-field region determines how much of the
ionization produced by the ion is assured of drift collection, apart from
funneling enhancement. This makes the depletion depth xp a critical parame-
ter. So that it can be expressed in terms of the observables of the problem,
Poisson's equation is doubly integrated in one dimension over x, the distance
from the junction, and the appropriate boundary conditions are applied:

ty R o8 0 . - . - | - . -
RS %’l»'\.{»“g,‘..n.‘,‘q' ,lh,%ﬁ ggﬂ(. b_.‘t_".a‘l,.'l.,‘ O o) n thee Y 00 "‘r_' £ W Y S '
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A where § is the electric field, ¢ is the dielectric constant, given as a uni-
A form scalar quantity equal to 13.0 [22], and p is the cnharge density. The ",
}qﬁ charge density (initially just the density of charged donors) is equal to the * 4
¢?2 uniform donor density N times the positive electronic charge q for 0 £ x s Xxp -
;: and is equal to zero for x > Xp- Integrating with respect to x' from x' = 0 f
‘}; to X' = x gives .
) px 3
SO E(x) = E(0) + = - (28) g
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.:: Applying the first boundary condition, E(xD] = 0, yields o
N" R r,
2 = - -4
o E(x) = 2 (x xD) (29) .
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A This describes the field in figure 7(b) that, for this n-type diode,
has a maximum negative value =-pxp/e at the junction. The field magnitude
falls linearly with x to a zero value at x = xp. A second integration over

- the range x < xp to x = xp, and the application of the second boundary condi-

A tion, V(xp) = 0, gives

¢ P 1 2 2

3 = - -

B V(x) = & [xDx 5 (xD +x2)] , (30)

o

) which describes the parabolic potential variation shown in figure T7(b). The

i depletion depth x, is expressed in terms of Vo = V(0), Ng4, and e by evaluating

% (30) at the junction, x = O:

. | 1/2

2e |V,

K XD = - (31)

] qu

: Implicit in the term for applied bias Vo is the constant additive contact

A potential, approximately equal to -1 V for the gallium arsenide diodes used in
Wt this experiment [23,24].

- The product of Xp calculated with equation (31) and the ionization

'j line density calculated using the CSDA then give the ionization charge one

< expects to be promptly collected from within the depletion layer for a given

{ bias and doping level. The funneling enhancement over and above this "guaran-

teed prompt collection" is predicted by the Hu and McLean-0Oldham funnel models

_ described in the previous section.
b

€4
QJ 3. EXPERIMENTAL APPROACH

M This section describes the approach taken to achieve the primary research

" objective, the experimental characterization of prompt charge collection in

¥ GaAs diudes hit by heavy ions,. The preparation of diode samples and the

\ measurement of their voltage-capacitance characteristics are described first,

¢, followed by descriptions of the experimental configuration and the test b
e procedure, }f*
a¥.

- 3.1 Sample Preparation and Characterization %
» o
" Preparation of samples included first a fabrication of the Schottky- 5yﬁ
M) barrier diodes, and then a measurement of the diode leakage current and capa- Q§\
2 citance as functions of reverse bias voltage. Segments of n-type GaAs wafers H;%ﬂ
b were purchased from Northrop Research and Technology Center. They had semi- b
5 conducting substrates doped with tellurium to a density of 1 x 10!® em™?. !g%
h These segments were remnants of two of the same wafers Hopkins and Srour used fxﬁg
$I in their SEU study [11]. One was epitaxially doped with sulfur to 8.0 x 10'* S:r“
" em™?, the other with sulfur to 1.3 x 10!% em™. Final sample preparation was ;x;
f carried out at the Harry Diamond Laboratories Microelectronics Facility. gy
' There, each segment was cut into 12 to 15 squares, approximately 2 x 2 mm.

" Each square was then subjected to a two~layer metal vapor-phase deposition
. 26
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process to produce a large 1-mm-diameter circular electrode on the epitaxial
surface. The first layer was a 50-nm thickness of chromium to insure adhesion
to the GaAs and the formation of a good metal/semiconductor interface, re-
quired for the Schottky barrier. The second layer was 80 nm of gold to facil-
itate wire bonding. The next steps were cementing the chip substrate to the
header ground surface using conducting epoxy, and attachment of the wire to
the diode, The wire was welded to the metallization by a combination of
temperature (~400 K) and pressure (~10°® psi). The other end of the wire was
connected with conducting epoxy to a high-frequency (1-GHz) feedthrough con-
tact in the base of the header. Removable header lids were providec to pro-
tect the diodes during handling and storage. Figure 8 shows features of a
typical test diode.

(@ ©)
IO~ 8 A

L ——— -nm Cr

Epitaxy, 20 ym
Sn at 8 x 101 em™3
+3x1019 cm™3

Semiconducting
substrate, V0.5 mm;
Te at 1018 cm™

Conducting epoxy
Buried electrode

Figure 8. GaAs diode test sample showing (a) cross section of
junction region, and (b) a top view of diode metallization, with
redundant wire bonds.

The circular metallizations on the diode surfaces were made large,
1.0 mm in diameter, to insure a large sample capacitance. In this way, the
~1~pF frequency dependence of the probe capacitance was made a negligible
perturbation to the net capacitance charged by the ion strike. Access to the
mounted diode for capacitance measurement required the fabrication and use of
an adaptor plug having a front end resembling the TEK 6201 high~impedance
probe tip (see fig. 9). Diode capacitance was measured as a function of
reverse bias using a Boonton Electronics capacitance meter, model 72BD, and a
Hewlett Packard multifrequency LCR meter, model Uu4275A. These meters probe
device capacitance with a sinusoidal variable~voltage signal. The first meter
uses a fixed 1-MHz probe frequency; the second provides optional probe fre-
quencies that include 1 MHz, Figure 10 shows the configuration used for
measuring the capacitance of the diode when it was mounted in its holder.
Holder capacitance was found to be 8.6 + 0.5 pF., Table 1 gives capacitance
measured with the Boonton 72BD as a function of reverse-bias voltage for
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5 representative low- and high-doped diodes. Results of capacitance measure-
.‘
W ments for the remaining test diodes are given in appendix B, including repre-
’ sentative comparisons of capacitances measured with the two meters on a given
Y diode. The latter showed that both meters gave similar results, typically
:i agreeing to within a few percentage points.
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TABLE 1. REPRESENTATIVE IN~SITU CAPACITANCE MEASUREMENTS

A. GaAs diode sample 2-1 (Np = 8.0 «x 10'* em~?), Cl beam

ita
Reverse bias Capac nce (pF)

voltage (V)

Difference (%)
Pre-exposure Post-exposure

0 90.64 89.84 -0.88
-1 59.64 - -
-2 49,44 49.04 ~-0.81
-5 37.04 36.94 ~-0.27

=10 30.04 29.64 -1.33
=15 26.74 26.34 -1.49
=20 24,74 24,44 -1.21
=25 23.34 - -

=30 22.24 21.94 -1.35
=40 20.64 20.34 =1.45
=50 19.54 19.24 -1.53

B. GaAs diode sample 1-8 (N = 1.3 x 10'® em™*), Cu beam

Capacitance (pF)
Re;irse ?;?S Difference (%)
voliage Pre-exposure Post-exposure

0 124.34 122.93 -1.13
-1 78.84 - -
-2 63.84 63.33 -0.80
-5 46 .54 46.13 ~0.88

=10 36. 44 36.03 -1.29
-15 31.84 31.43 -1.23
-20 29.14 28.63 -1.75
-25 27.24 -~ -
-30 25.84 25.43 ~1.59
~-40 23.94 23.53 -1.71
-50 22.64 22.23 -1.81

Reverse-bias (leakage) current was measured on each of the assembled
diodes using a Tektronix 576 Curve Tracer, The purpose of this test was
twofold: (1) The basic intent was to verify connectivity within the diode and
the adequacy of the metal/semiconductor interface as a Schottky barrier.
Surface defects on some rejected crystal samples were so large (visible to the
eye) that diode leakage led to a failure of the barrier above a few volts of
reverse bias. (2) The reverse-bias current-voltage characteristic is a meas-
ure of long-lived permanent radiation damage produced in semiconductor de-
vices. Pre- and post-test comparisons of these I-V curves were recorded to
provide an indication of diode sensitivity to cumulative ion exposures.
Figures 11 and 12 show typical comparisons for a high- and low-doped diode
bombarded with copper ions; similar results for the remaining test diodes are
given in appendix C. These data showed that all diode junctions withstood
their ion bombardments, showing either no change in reverse-bias leakage or a
reduction,
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Figure 11, Reverse-bias I-V curves for GaAs diode 2-1 (ND = 8.0 x 10°**
cem™3): (a) before, (b) after Cu-beam exposure,

Figure 12. Reverse-bias I-V curves for GaAs diode 1-8 (ND = 1.3 x 10'®
em™?): (a) before, (b) after Cu-beam exposure.

3.2 Experimental Configuration

The tandem Van de Graaff accelerator at Rutgers State University, New
Brunswick, NJ, was used as the source of heavy energetic ions. This accelera-
tor is fed by a cesium-beam sputter ion source. In this source, positive
cesium ions bombard a negatively biased sputter target composed (in whole or
in part) of the element needed for the ion beam. Tons sputtered from the
source target are passed through a thin foil to strip them of orbital elec-
trons. Raised to a variety of relatively high positive charge states, these
ions are then guided into the first Van de Graaff accelerator. Its cathode is
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at ground potential and its anode is held at a large negative potential (typi-
cally -8 MV). After passing through this first accelerator, the partially
energized ions enter a plasma region where they pick up free electrons and
become negatively charged. They then enter the second Van de Graaff accele-
rator, which is aligned in tandem. Its electrodes are biased opposite to
those of the first accelerator and bring the fully energized ion beam back to
ground potential. Since electron stripping and attachment provide a range of
charge states and therefore a variety of essentially discrete jon energies, a
series of analyzing magnets and slits is used to isolate the desired ion-beam
energy. Steering and focusing magnets then deliver the beam to any one of
several vacuum beam lines for use. The heavy-ion experiments performed for
this study were carried out on beam line No. 3 in the Rutgers accelerator
facility.

Figure 13 shows a schematic of the heavy-ion test configuration. A
thin gold scattering foil was placed in the center of beam line No. 3 a meter
or so from its point of entry into the exposure laboratory. At that same
location, a side drift was installed at a 20° angle. The purpcse of the
scatterer and side drift was to reduce the relatively high intensities of the
entry beam (-10 pA particle current) to much lower levels (-10 counts/s),
where isolated ion strikes on target could be resolved. The scattered beam
passed through approximately 7 m of vacuum line equipped with user-controlled
roughing and diffusion pumps and an assortment of vacuum valves. This vacuum
system held air pressure in the beam line below -10 mTorr to insure negligible
ion energy loss during transit. A gate valve placed just in front of the test
chamber was used both for isolating the chamber from the drift pipe during
changes of target diodes, and to minimize damage in target diodes by blocking
the scattered beam during preparation intervals.

GOLD SCATTERING
FOIL (0.47 mg/lem?)

R VACUUM PIPE |

VACUUM PUMPS TEK 7104
GATE VALVES
6201 [::j CAMERA

;

Figure 13. Experimental configuration at Rutgers State University
tandem Van de Graaff accelerator facility.

Figure 14 is a photograph of the vacuum chamber used in this study.
As shown, the chamber design provides for a diode holder, a pressure sensor,
and a silicon surface-barrier detector for measuring beam energy. Vacuum
integrity was sufficient to insure a maximum chamber air pressure of <50 mTorr
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when the gate valve was open and the diffusion pump was operating. Figure
15(a) shows the diode holder cross-sectional design. Figure 15(b) is a photo~
graph of the assembled device. The holder was designed to provide simul tan-
eously a steady—state bias on the target diode, a capacitor block to isolate
the high-frequency probe from this bias, and a short transmission line from
the diode through the direct-current block to the probe. The transmission
line feature was chosen as the best means of minimizing the bandwidth-limiting
effects of stray capacitance and inductance in the signal line. Figure 15(c)
shows the equivalent circuit for this arrangement. Figure 16 shows the layout
of the instrumentation and supporting equipment used in the experiment. The
voltage transients produced by ion strikes on the target diode were picked up
on a Tektronix P6201 probe, which has a 100-kQ impedance and a 900-kHz band-
width, With this impedance and the 10-'° to 10~!! F capacitance of the target
diode, the probe provides an instantaneous output voltage proportional to the
cunulative charge collected on the diode. This signal was carried by a 2-m,
50-Q, RG58U cable to a 1-CGHz Tektronix 7104 oscilloscope. This instrument was
internally triggered, and its display was recorded on high-speed Polaroid film
with an attached F~1.2 Tektronix C-51 camera.

Figure 14. Vacuum chamber with diode holder, vacuum
gauge, and high-impedance probe.
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g
o 3.3 Test Procedure
(3
u The procedure followed in recording a gallium arsenide diode response
Fh under given bias and beam conditions was to expose the diode to the beam with
§&“ the camera shutter held open for several seconds, or until the oscilloscope
ER trigger indicator registered 10 to 20 strikes. The resulting multiple expos-
. ure on the film invariably showed a very well-defined trace, usually having at
93&' most about 3 or 4 times the single~trace thickness, a measure of the direct-
&gﬂ hit signal variation (see fig. 17). As with previous researchers [3, 9, and
H“ﬁ' 111, the initial rise of each data trace in the first nanosecond was held to
9#\ be a measure of the cumulative drift collection, including the funneled compo~
LAY nent. Figure 18 shows how the intersection of the initial rise with the inter-
. polated mean of the ring oscillation was identified as the end of the prompt
~ component. The subsequent slower rise of the trace was attributed to col-
P : lection of charge transported into the depletion layer by diffusion., The film
,Vm also typically showed a faint scattering of smaller amplitude, slower rising
Eﬁ; signals that were interpreted as near misses. The peak prompt and final diode
k responses were taken from the center of the trace and were converted to col-

lected charges using the sum of measured diode and holder capacitances.

Ion energies were measured with an EG&G Ortec silicon surface-barrier
detector (SBD) calibrated in vacuum using 2?“'Am a~particles. Figure 19 shows
the instrumentation for processing and recording the pulses produced by this
sensor. The output of this system was a pulse whose amplitude is proportional
to the ion energy after the ion traverses the metallization of the SBD, The
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processed pulse amplitude was recorded on Polaroid film and was also input to
a multichannel spectroscopy system operated Dby the aceel2rator facility
personnel.

(a) (b)

Figure 17. Typical recorded
waveforms for Cl ion bombardment of
(a) silicon (9 x 10'? em™?),

(b) gallium arsenide (8 x 10"
cm=?), and (c) gallium arsenide
(1.3 x 10!'3 cm™%),
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K Figure 19. Instrumentation for processing and recording pulse generated )
o by surface barrier detector. :}
f ‘;::':
‘ The signal processing equipment was gain-calibrated using n-type I
silicon diodes with very low doping (9 x 10!'*/em?®), biased high enough to o
iy insure complete enclosure of the ion track in the depletion layer. This ot
:‘: insured prompt (drift) collection of all unrecombined charge in the track. To ::
oy minimize calibration error due to ionization recombination, the gain- ;:
:: correction factor was taken from silicon diode responses to a-particle .‘»“‘
Y bombar dment . 9
A note on ionization recombination is offered here. Recall that, in
;i' their investigation of charge collection in gallium arsenide diodes struck by /)
o a~particles, Hopkins and Srour attributed a measured 15-percent shortfall in ;,];\
:3 total charge collection to Auger and radiative recombinations [11]. Based on ‘(%”'
K this estimate, one would expect an even greater effect in the more strongly ’L'.i
‘ ionized tracks of heavy ions. Nevertheless, recombination has not been in- }
o] cluded in this analysis for several reasons. First, the 15-percent shortfall o
" reported by Hopkins and Srour is not a decisive margin in light of normal * :ﬁ
W experimental uncertainties. Second, the heavy-ion data generated by Oldham 4;
b and McLean did not provide a clear indication of recombination.®* Third, the '\:
M Auger coefficients reported in the literature are scattered over nine orders ’?g‘_“
! of magnitude [11]); with that uncertainty, a meaningful evaluation of the L)
A importance of Auger recombination would be difficult. Fourth, radiative T
’Q: recombination produces photons, a good portion of which will be reabsorbed PN
. within a very short distance (-2 um), producing new electron-hole pairs [11]. e
‘: For these reabsorbed photons, the net effect of radiative recombination will Q:::"‘
e '8 0
k)8
" *T. R. 01dham (Harry Diamond Laboratories), private communication.
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be only a moderate diffusing of the plasma column. Last, it is not known what
influence funnel fields have on the various recombination processes. One
might expect that the nonequal momenta imparted to electrons and holes by the
field would reduce recombination coefficients from published values, which are
typically derived for field-free plasmas. For these reasons, recombination is
left an undetermined parameter in the results of this study.

4, RESULTS

The first part of this section presents the results of the preparatory
calculations and measurements described above. The second part gives the re-
sults of the charge collection measurements on the silicon diodes used for
system gain calibration and the gallium arsenide Schottky-barrier diodes. The
last part offers a comparison between measurements and the McLean-Oldham and
Hu funnel models.

4,1 Preparatory Calculations and Measurements

Table 2 summarizes the results of energy loss calculations for ion
interactions in the scattering foil and in the target diode's dead layers
(i.e., its surface metallization layers).

The ion energies were also measured using the test configuration
given in figure 19. The more accurate alternative of the two shown was the
facility spectroscopy system, which used signal processing to remove errors
associated with near coincidental strikes on the SBD. The results from this
system are shown in figures 20 and 21, and show 0, Cl, and Cu ion energies of
18.1, 66.0, and 60.0 MeV, respectively, based on an alpha energy of 5.39
MeV. These differ from the calculated values in table 2 by 3, 2, and 2 per-
cent, respectively.

TABLE 2. ION ENERGIES AT KEY POINTS ALONG THEIR

TRAJECTORIES
Calculated ion energies (MeV)
Location
a 0 Cl Cu

Incident on scatterer - 20.0 70.0 70.0
After scattering foil 5.40 18.7 65.2 61,4
After diode metallization

GaAs test diodes? 5.24  17.7 62.5 56.9

Si gain-calibration

diodes® 5.20 16.5 61.0 52.8

Surface barrier detector® 5,39 18.6 64.9 60.95

80ead layers: 0.370 mg/cm® Au, 0.035 mg/cm? Cr
Dead layers: 0.194 mq/cm2 Au, 0,135 mg/c:m2 Al
CDead layers: 0.040 mg/cm® Au, 0.040 mg/cmS Al
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;z Figure 20. Energy spectra for 2“'Am Figure 21, Energy spectra for X
ﬁ a-particles and oxygen and chlorine oxygen and copper ions. .ﬁ':
. ions. ol
:‘ The second backup measurement approach called for recording the SBD Jzi:
5 amplifier outputs directl; on the TEK 7104 oscilloscope, and scaling ion ener- |$¢:
’; gies from estimated pulse amplitudes, Figures 22 to 25 show recorded signals t
;* for a-particles and O, Cl, and Cu ions. Their relative pulse heights are h$&
1.0 : 3.0 : 10.8 : 10.4, which, for an a-particle energy of 5.39 MeV, suggest *
" energ.es of 16.3, 58.0, and 56.0 MeV for the 0, Cl, and Cu ions, respectively. X
- These differ from predicted values by 12.4, 10.6, and 8.1 percent, again ‘té.
. respectively. Co
; 23
:2 The spectroscopy results are in quite good agreement with predicted e ol
B values in table 2, while measurements based on Polaroid records of SBD pulse
. heights are in reasonable agreement, given the normal accuracy in reading .;‘
e film., o
,. " N X
L
Q The calculated ion energies are chosen to be the baseline values ‘Qx;
b because (1) calculational uncertainties are less than the experimental uncer- AN

tainties in this well-defined geometry, and (2) even the measured values of
ion energies at the SBD junction require two dead-layer CSDA adiustments to

9 translate into ion energies at the GaAs and Si diode junctions. i{:
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Figure 22. SBD output pulse after Figure 23. SBD output pulise alter
strike by ?*!'Am g-particles. strike by oxygen ion.

Figure 24. SBD output pulse after Figure 25. SBD output pulse after
strike by chlorine ion. strike by copper ion.

The calculated energy of the ion as it crosses the diode junction
serves as the starting point for the calculation of ionization line density.
“igzures 75 to 3% show the results of converting CSDA energy loss into plots of
cumalative iunlzation charge as a function of 1on depth into the semiconduc-
The final data point In each plot represents the total ilonization charge
prootaceel Ly the ion as {t comes to rest at the end of its range. Depletion
23 and funnel lengths for given hiases are readily converted to
collention predictions by referring to the appropriate cumulative charge
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Figure 29. Cumulative ionization as
a function of copper ion depth in
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Figure 30. Cumulative ionization as
a function of copper ion depth in
L1 silicon (52.8 MeV).
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Figure 31, Cumulative ionization as
a function of a-particle depth in
gallium arsenide.
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4.2 Charge Collection Measurements

Figure 17 showed a typical set of oscilloscope waveforms recorded
during chlorine ion bombardments of silicon GaAs diodes. The drift components
of the GaAs records are limited by the risetime of the instrumentation. The
damped oscillations shown in the figure invariably appeared on the GaAs wave-
forms; they are the result of a circuit resonance driven by the very fast
risetimes of the drift collection signal in these GaAs samples. The slower
silicon risetimes, which are commensurate with the silicon's lower majority
carrier mobilities, did not excite this circuit resonance.

The open symbols in figure 35 represent the total charge measured as
a function of bias voltage on the calibration silicon diodes. The dashed
lines correspond to the calculated maximum charge produced in silicon by the
ions. Measured charge collection exceeded the calculated maximum charge
produced for each of the four ion species, indicating the need for a system
gain-correction factor. The solid points on the graph are the open-symbol
data reduced by a 0.88 correction factor, the factor required to bring the a-
particle data to the assumed 100-percent collection at the highest bias.

Figures 36 through 39 give charge-collection data for the GaAs-diode
bombardments. Open symbols denote actual measurements; solid points are data
reduced by the 0.88 gain-correction factor. Each graph in these figures
compares, for various bias voltages and a given ion species and diode dopant
level, experimental prompt charge collection with calculated depletion layer
charge. In every case, prompt charge collections (even the reduced values)
exceed the depletion-layer curve, a clear manifestation of funneling action.
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: ; An unexpected feature in these GaAs data is that total charge collec-

i:\) tions at the higher biases appear to exceed the calculated values of total

)

ionization charge in the track, even after the gain reduction factor is ap-
plied. Several observations suggest that charge multiplication is responsi-
ble. First, the slopes of the charge-collection curves do not appear to
approach the saturation at high bias one expects for a fixed pool of charge
available for collection. 1Instead, the charge collections at high bias appear
to increase almost linearly, as if the charge pool is increasing with bias
field. Second, the total charge values measured at the highest bias corre-
spond closely to the total charge production given by a smaller generation

o
e

<Ta“o'.-'v
SR

S rate constant: 4.2 or 4,3 eV/ion pair, instead of the 4.8 eV/ion pair used
‘$¢q here. Eberhardt et al measured a value of 4.27 eV/ion pair in GaAs, and did
$$) S0 using charge-sweeping biases just below breakdown value [25]. Third, McKay
20N and McAfee reported a charge multiplication rate in germanium of ~10%/cm at
RhiE 10° Vv/cem [26], or a factor of -1 to 2 for the ~10- to 20~-um track lengths
. obtained here. Germanium has a smaller energy band gap than gallium arsenide,
1A 0.66 eV as compared with 1.42 ev [17], and one expects it to be more prone to
Q-' charge multiplication than GaAs. Even so, a GaAs multiplication factor as low
245 as 1.1 would raise calculated charge available for collection up to the values
Jﬁ' measured in this experiment. Finally, we observed clear signs of incipient
! breakdown in the GaAs diodes at ~50 V bias (in fact, a few samples suffered
avalanche breakdown at biases between ~40 and -~50 V).
;:%ﬁ: These considerations support the argument that the excess charge
¥ measured in these GaAs samples was the result of charge multiplication. The
O}i charge nultiplication is believed to be concentrated near crystal defects,
L which, when polarized by the applied field, become sites of local field in-
o tensification. This possibility is supported by the following observation.
o, In the course of the study, a separate group of GaAs crystal samples from the
oﬁi same vendor was found to have a large number of surface flaws, most easily
,{g visible through a microscope at low magnification, a few visible to the naked
: % eye., After large 1-mm—-diameter metallizations were deposited on the crystals
M and were wire-bonded, the reverse-bias breakdown thresholds were measured.
. These diodes all broke down at only a few volts, while diodes from the same
b s crystal wafer metallized with 1/4-mm contacts broke down only above 30~V
Y reverse bias, suggesting that breakdown thresholds varied inversely with the
"5 number of defects covered by the contact.
Vil
4”' The important observations to be drawn from the gallium arsenide data
are that (1) funneling occurs in all instances, but to a lesser degree the
: k heavier the ion, and (2) the same trend is not apparent in the silicon data
! § presented in the literature by Oldham and Mciean [10]).
:Wi 4,3 Comparisons of Funnel Models with Measured Data
ML
- Because the effect of avalanching in the high-bias GaAs data is not =
ﬁh amenable to analysis using any of the models described earlier, and because Nt
the present bias range of interest in digital circuit design is limited to oS
\l; about 15 to 20 V, comparisons of data with funnel predictions are presented ;;f
K here only for the bias range from 0 to 20 V. )
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Comparisons between predicted and measured charge collection in
gallium arsenide for this bias range are shown in figures 40 through 43 for o-
particles and oxygen, chlorine, and copper ions, respectively. The point-to-
point amplitude variation shown in the data, each point of which represents an
average of 10 to 20 responses, is unexplained, but was shown to be reproduc-
ible when selected portions of the test sequence were repeated. The uncer-
tainty bars reflect both the maximum variation in the direct-hit signals
recorded during the multiple exposure of the film and the uncertainty in
averaging out high-frequency signal oscillations.

Experimental measurements of prompt collection are matched with pre-
dictions taken from the McLean-Oldham effective funnel-length model and the Hu
model. The prompt measurements show the qualitative dependence on dopant
level and ion track density called for in the Hu and McLean-Oldham models, and
the quantitative agreements between the a-particle data and predictions from
the two models are quite good. The McLean-Oldham model gives an even greater
overprediction of prompt charge for heavy-ion bombardment of gallium arsenide
than the authors of the model observed for silicon. Thus, f.r copper and
chlorine ions, their model predicts that almost all ionization charge produced
in the track is promptly collected above a reverse bias of a few volts, while
measured collection of prompt charge in these gallium arsenide diodes more
closely follows the depletion layer contribution,

(a.) (b.)
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Figure 40. 5.2-MeV a-particles in GaAs: (a) Np = 8.0 «x 10'* em=? and
(b) Np = 1.3 x 10'° cem™2,
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Figure 43, 56.9~MeV ®3Cu ions in GaAs:

(a) Np = 8.0 x 10'* em™?® and
(b) Np = 1.3 x 10! cm™3,

The Hu predictions were generated using equation (5), with carrier
mobilities taken from figure 44 [11], depletion depths calculated using equa-
tion (31), and ionization profiles taken from figures 31 to 34. These predic-
tions are plotted as dashed lines in figures U42 to 45. The comparisons show
that the Hu model gives quite good results for both light and heavy ions
between 0 and -5 V biases, giving funneling predictions consistently closer to
measurements than the McLean-Oldham model. For reverse biases more negative
than -5 V, the Hu model increasingly overstates prompt charge collection,
although by significantly less than the McLean-Oldham model.

Figures U45 to 48 show charge collection measurements made by Oldham
and McLean in n- and p-type silicon for a-particles [8] and copper ions
[9,1C]. Measurements in each figure are accompanied by the corresponding
McLean-0Oldham funnel-model predictions. As with gallium arsenide diodes, the
a-particle predictions are fairly good, usually within 15 percent of measure-
ment, while the heavy-ion predictions are again overstated, usually by factors
of two or three. However, in the lightly doped p-type silicon diode (fig.
48(a)), the prompt measurement is only about 10 percent below the 100-percent
collection prediction. This relatively large prompt collection in the lightly
doped diode was called for in all three funnel models, because funneling
action was held to persist until the track ionization density falls to the
ambient doping level.

Notwithstanding these areas of agreement, it is clear that both the

Hu and McLean-0Oldham models consistently overpredict prompt charge collection
for heavy ions in the mid-range of bias voltage.
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Figure 46. 59.6-MeV ®3Cu ions in p-type 3i: (a) Ny = 3.6 x 10'* em™? and
(b) Ny = 1.8 x 10'* em™2,
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(b) ND = 4,0 x 1015 cm™3,
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5. DISCUSSION

In this section, an attempt is made to explain why the Hu and MclLean-
Oldham models overpredict funneling in heavy-ion tracks. First, an alterna-
tive description of funneling is given that is believed to be more relevant to
the diodes and test circuitry used in these experiments. This funneling
representation is shown to be compatible with a plasma screening mechanism,
which is offered as an explanation for the reduced prompt charge collections
observed in these experiments. Finally, the McLean~-Oldham model modified with
a plasma-screening factor is compared to measured data.

5.1 Funneling in Transiently Isolated Diode

The Hu and Messenger models described in the first section were built
up from an important common assumption, that the electric field in the deple-
tion layer drives majority carriers into the initially neutral region. While
their model did not explicitly require it, McLean and Oldham also envisioned
majority carriers being driven into the substrate toward the buried electrode
[9]. It is not surprising that these independent investigators of the funnel
phenomenon shared this common view, “ecause it was developed explicitly in the
two-dimensional computer solutions published earlier by Hsieh, Murley, and
O'Brien [3-5]. These solutions were presented as spatial plots showing elec-
tric potentials and majority carrier distributions extending into the sub-
strate at various times after an a-particle strike (recall fig. 1). The key
point here is that this aspect of the collection process was the direct
consequence of a particular and important boundary condition: the Jjunction
bias potential was assumed to be held at a constant value through the event,
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This bias condition does not appear to be an assured option in typi-
cal circuit applications, for the following reasons. The bias circuit loop is
usually external to the device package. In addition to intentional circuit
elements, the bias loop unavoidably includes reactive and resistive components
due to stray inductance, resistance, and capacitance. Consequently, the bias
circuit impedance in one extreme is likely to slow the rise of a large re-
placement current to beyond the end of the prompt response; in the other
extreme, it limits the fast-rising bias current amplitude to such a low level
that negligible charge is restored to the junction node during the extremely
short-lived prompt charge-collection process. Figure 15(c) shows a 1-MQ
resistor in the bias loop; it was placed there to decouple the bias circuitry
from the signal channel. It gives the bias circuit a fast time constant of
~107'2 5 (~10"% H stray inductance + 10® @), but limits bias current ampli-
tudes to ~100 pA or less (0.1-V diode response + 10 Q). The finite electric-
signal propagation speed (c) further increases the time required to restore
charge to the node. Consequently, the latter extreme condition is held to
apply to the experiments conducted in this study. Accordingly, an alternative
description of drift collection is developed below to account for the tran-
siently isolated junction.

Two conditions are assumed to apply: (1) The time required for the
bias circuit to replace collected charge on the junction is assumed to be long
compared to the duration of drift collection; i.e., during the event, the
junction is transiently isolated from the rest of the circuit. (2) The later-
al dimensions of the diode are sufficiently large that the bias charge on the
junction is much greater than the free charge produced in the ion track.
Thus, the charge collection that follows the ion strike does not substantially
alter the potential difference across the junction and the overall field dis-
tribution.

Figure 49 shows the track of a light ion (e.g., a—-particle), assumed
for simplicity to be perpendicular to the plane of the junction. A reverse-
biased p*n Schottky—-barrier diode is depicted. After the initial track ioni-
zation is thermalized, a process that occurs in times of the order of 107!'%? s
and leaves the track with a radius of about 0.1 um [6], early carrier trans-
port effects include the following: (1) The plasma column in the depletion
layer is polarized almost instantly (about as fast as it is created), exclud-
ing the positive donor charge in its interior. This charge "surfaces™" at the
Junction and recombines with an equal negative charge on the electrode. The
neutralization of this track volume results in an unbalanced radial field com-
ponent in the depletion layer directed in towards the track axis. (2) Ion-
ization electrons in the same part of the track are attracted by the sur-~
rounding charged donors (i.e., they respond to this radial field component)
and drift radially outward into the depletion layer, neutralizing charged
donors there. (3) At an equal rate, ionization holes produced in the deple-
tion layer are attracted to the negatively charged metal contact layer.
(4) On a much slower time scale, the column begins a relatively slow expansion
as ambipolar diffusion takes place.
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In this early phase, most of
the electrons leaving the track come
from that segment lying in the origi-
nal depletion layer; carriers well
beyond the depletion layer initially
see no field and are not affected.
In this and subsequent phases of
charge collection, rates of hole col- %
lection at the surface and the radial - ¢ AN i ION TRACK
drift of electrons out of the track { :
are approximately equal, so that the
track plasma remains essentially neu-
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tral inside its sheath [27]. The o
sheatnh is defined here simply as the -
exterior layer of the plasma column FUNNEL DISTORTION ;ia
where electrons leave the neutral ll.
plasma under the influence of radial ;qm
fields. Funneling occurs as this 4 ORIGINAL Py
electron space charge "fans out" and METALLIZATION DEPLETION LAYER ;:..::"‘:
neutralizes part of the positively Figure 49, Charge distribution and 6'1
cnarged donor distribution near the movement in a reverse-biased diode ¥
track (a process that takes tens of after an ion strike perpendicular

picoseconds). Some of the field to plane of p'n junction.

lines associated witn local electron

charges on the metallization then no longer terminate on charged donors in the
original depletion layer, but instead extend into the formerly neutral region.
Alternatively, one may picture (in superposition) the majority carriers that
have left the column as creating their own additional depletion volume in what
was initially neutral space. Either way, the result is a bulge on the origi-
nal depletion layer centered on the track. As in step (2) above, track elec-
trons there are then subjected to a radial field and are pulled out of the
plasma, while their hole counterparts are funneled up the track toward the
surface. The resulting increase in space charge further extends the bulge.
The coasequence of this cause-and-effect cycle is an extension of a longitu-
dinal field up the track into the initially neutral region and a resulting
increase in prompt (drift) charge collection over and above that provided by
charge in the original depletion layer.
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Conservation of current in this transiently isolated junction re-
quires a necessarily local closure of current paths. The charge motions
described in figure 49 define the closed conventional-current loop shown in
figure 50(a): a radial "fan-out" of electron current out of the track into
the depletion layer, a hole current up the track and across the junction, a
radial inward-directed electron replacement current on the electrode, and,
closing the loop, a displacement current normal to the junction. This last

S current segment is the relatively small time-rate~of-change of the electric

*$}, displacement B in the depletion layer due to the partial neutralization of

:{{: charge*on the junction, integrated over the area of the diode (one notes N

:.xi that 3D/3t is always directed opposite to 5). The diode current paths drawn :l

&fﬁ in 50(a) suggest a simple analogy, which is shown in figure 50(b). Here, two o
' oppositely charged metal plates are suddenly shorted by a long nail, which
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Figure 50. Electron and hole current distribution: (a) in reverse-biased
junction after ion strike; and (b) in an analogous shorted parallel-plate
configuration.

represents the heavy-ion track. This analogy obviously cannot provide for
either the discharge-limiting effects of the Schottky barrier, the depletion-
layer bulge (the funnel), or the hole current in the ion track. Nevertheless,
the picture gives a good representation of the closed SEU current loop in
large diodes transiently isolated from their bias circuitry. It shows how the
electric field in the nail would be largely confined to that current-carrying
portion lying between the two charge layers, rather than to the tip of the
nail.

In the diode, as the last of the drift and diffusion charge is col-
lected, the depletion region is reestablished as a uniform, slightly thinner
layer across the entire diode area, and the potential difference across the
Jjunction settles at the original value minus ~Q/C, the ionization charge col-
lected divided by the junction capacitance. In due course, the electron
current in the bias loop produced by this voltage drop replaces the missing
(recombined) charge on the junction and the full junction bias is restored.

5.2 Plasma Screening of Funnel Fields

If the incident particle is now assumed to be a heavy ion, i.e., any
ion heavier than beryllium, the ionlization density is substantially greater
than that in a-particle tracks, and the drift charge collection predicted by
the Hu and McLean-Oldham models is not fully realized. The suggestion here is
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that the smaller collection may be explained by a plasma screening effect that
prevents the full extension of the funnel field down the track into the neu-
tral region. Figure 51 shows qualitatively how the field, potential, and
charge distributions might be altered by plasma screening near the end of the
funnel. As the funnel field begins to extend into the neutral part of the
track, and carriers there are set in motion, a quasi-static shift in the
charge distribution occurs, wherein minority-carrier holes (on time average)
are brought closer to the electrode as electrons are simultaneously pushed
away from the electrode and separated radially. This time-averaged polariza-
tion shift of charge density screens the field--the termination of field lines
on minority carriers is now accomplished closer to the surface-—-and carriers
beyond do not see a collection field.

@) - E(x) () =V(x)

: " + X
LN " - x Lc LT
XD Ls Lc LT
(c) +px)
T PRE-STRIKE
— == FUNNEL WITHOUT
*ss0eseveve, sanEN'NG
—— SCREENED FUNNEL

Figure 51. Plasma screening during
Ly funneling: (a) electric field,

(b) electric potential, and {(¢) net
charge distribution.

A quantitative measure of this screening effect may be found by
referring to the phenomenon of plane-wave attenuation in a conducting medium
and the concept of skin depth, It is well known that a plane wave is rapidly
attenuated as it propagates into a good conductor [31]. The attenuation
factor f varies with propagation distance x according to

£ = e X8 | (32)

where § -~ ('I‘/Tmo)”2 is the skin depth, and T, u, and ¢ are the plane wave
period, the permeability of the target material, and its conductivity, respec-
tively. Admittedly, the situation that exists in a semiconductor device after
a heavy-ion strike differs from the case of the plane wave in a conductor:
the electric field of the plane wave is transverse and oscillatory, while in

56

& i At AN AR RGN . DO S O Y
O D T IR T N o o N ST e <y




" R T T WS W 1 W W—" S W S— Sy i —— A i’w
. A
488 Gt
'y ™
i.: q
) i
) ot
:':32 the diode depletion 1layer, the electric funnel field is longitudinal and Wy
:c.;" short-lived. Nevertheless, there is a similarity in the two situations that ',:4
AMN suggests the use of an effective plasma attenuation factor of the form given ,1'.‘:
’ above for the funnel field in the ion track. In both cases, free carriers <
‘.».\‘v move during a well-defined time interval to neutralize the field at their \\7
¥ locations. 1In both cases, the extent of this neutralization is controlled by -,.}‘x
’\ the conductivity and a critical time period. The greater the conductivity, ":{_‘:
0“ the stronger the neutralization of fields and the shorter the distances into R
it the two media that the fields can reach. Sl
o Analogous to the plane-wave period T in equation (32), the character- :.:u";
: \ istic screening period is chosen to be the time it would take a minority car- .153' ‘
N, rier in the plasma column to drift to the surface from a maximum distance L. :ﬁ?
:" L is the length of track required to provide the quantity of charge predicted ..g}»j
Y by the McLean-Oldham model which is chosen as the baseline model to modify. woe
One notes that L is not that model's effective funnel length, Lc' which can
AW exceed the track length for heavy, short-range particles, The screening Ry,
. - Y
; period is then [: J
™ 4
) ‘j"
g = L N
0, 1 > . (33) W
'0‘;‘! '.l:::'
X Here the average minority carrier drift velocity <Vmic> is found by applying ) o{
v an appropriate value for the average field to the velocity-field relationships
T for gallium arsenide given earlier (fig. 44). The average field value used ;::
s for this purpose is Wl
v N,
1 o e
T - — CNK)
<E> 5T ’ (34) :', !
a:'u:.
ANXY
where V  is the applied bias. Ay
AN To complete the derivation of a screening factor, a characteristic i.i‘l::',
5}-,,“ length is required. Since L was used to derive 1, and since the funnel field .;;:g:.‘
oo is assumed to collect charge from as far down the track as the distance L in ';;«51.
ol the absence of screening, it follows that L is the obvious choice for the ::p:f.}
. unscreened field penetration depth. The result is an expression for an atten- KA
) uation factor fs due to screening given by ;;T"'
-‘J . \,0
- fg = e L/ with s = (v/mo)'/2 . (35) s
‘u"‘ W
§\ In this expression, the permeability is taken to be that of free space, and ::.l:"
‘W the conductivity is the low-field limit of conductivity due to the initial L
—_— hole and electron densities. .
- N
i:d, This reduction factor can now be applied to the funnel contribution :
,,;t] in the following expression for the total prompt charge Qp: r;
., 4 —,'\n','
L q .¢
. Q = Nolxp + £5(L - %)) (36)
o o
"l:." '4'
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) where N, is the initial ionization line density found using the CSDA and Xp is ::.{"
) \ the initial depletion layer thickness, as calculated using equation (31). The -;;;C_
) Jjustification for applying an electric field attenuation factor to a collec- A
tion length is that the funnel portion of L is directly proportional to the *
¢ electric field through the minority carrier drift velocity, at least for velo- s
, cities significantly less than the saturation value (see eq (2), MclLean and S3Ngs
o Oldham [9]). eaes:
B s
v One may ask what changes to the picture developed above would follow o ae
) if the two conditions assumed at the outset did not apply. If the first O
%q; condition does not apply, and charge can be replaced on the junction as fast ! 'h"
N as it is collected, then a prompt field is produced by the replenished charge L ‘&':"
;i' directly across the active and substrate layers lying between the diode con- ;"';a:
Q tacts. This is the case described by Hsieh et al [3-5]. This field causes N
E majority carriers to stream out of the track directly into the substrate, Wby
where they are collected at the buried electrode. Their almost immediate ——
W presence along the whole length of the track creates a much more direct and ";"".;“
a}% rapid growth of funneling than is depicted in figure 49. One then expects a Négl.c
::' weaker longitudinal electric trield along the full length of the track, and a :’0,:.|::;
43. much stronger field at its tip. This is analogous to the plate on the right &'!i:"::g‘
$ side of figure 50 being re-identified as the buried contact and the nail ‘;‘3‘,5'-'
(track) being shortened so that it reaches only a short distance into the ——
; space between the plates. As in figure 1, very little potential drop occurs a::’“:;
: over the length of the nail; most of the potential drop (and field) occurs at 2y ,':;
‘;_;, and beyond the nail tip. 1In the diode, the field (and the currents that fol- -‘ ¥4
L) low it) spread and thin from the end of the track on toward the substrate \:L:’
¥ electrode, following the spreading resistance pattern described qualitatively SR
by Messenger [8]. .
¢ More recently, Grubin et al [29] have modeled this same problem with ‘ﬁ:::nf
) a finite-difference computer code similar to that used by Hsieh et al. They '..“;,:“.
> held their n+p junction at constant bias through the event (again, equivalent ‘.&..:of
R to an assumption of instantaneous replacement of the collected charge), and harth
. calculated time-dependent currents through the substrate, i.e., across the et
.':3 diode contacts. They concluded that these currents are more directly con- O‘:U
.: trolled by junction bias and the substrate parameters (resistivity, thickness, ‘ky
'.[ etc) than by the details of the track geometry and density. Thus, if one can ¥y &;
:-Z hold the junction bias constant through an ion strike, the prompt response is ':..‘n
M a fast-rising current pulse in the diode circuit, rather than the sudden A
potential drop developed across the isolated diode junction. Another differ-
\E: ence is that the plasma screening treatment developed above would not be N
::c directly applicable because the highest field is now developed off the tip of .
;' the ion track, where no ionization density exists. In this case, one then b la:
® expects the 100~-percent collection predicted by the McLean-Oldham model. This ::&
o, follows because the funnel field is produced by free charge carriers in the AT
) high field region. The funnel cannot readily collapse faster than these free
s carriers can disperse. Thus, the collection field, which now extends beyond hr{-“
the track, cannot reasonably relax back to the initial planar depletion layer &:_\'
.:: configuration without completely sweeping out the track ionization lying in (.h‘"
:: the initially neutral region. W -
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If the second condition does not apply, i.e., if the diode is so
small that the charge in the ion track is a significant fraction of the total
charge on the reverse-biased junction, then the collection process itself
depresses the collection field; the process becomes self-dampening. A cred-
ible treatment therefore requires a finite-difference self-consistent calcula-
tion that is only reasonably performed on a modern, high-speed computer.
Since the diodes used in this study were easily large enough to insure the
applicability of condition 2, this case will not be further discussed.

5.3 Comparisons of Screened Funnel Model with Measurements

Predictions of prompt charge collection based on the plasma screening
modification to the McLean-0Oldham model have been plotted in figures 52 to 55
for a-particles and oxygen, chlorine, and copper ion bombardments in gallium
arsenide, respectively. Also shown for comparison are the corresponding
measured data and predictions derived with the McLean-Oldham model.

As expected, plasma screening as it has been modeled is seen to have
only a modest effect on predictions for a-particles, giving results that still
fall near tne measured data. For the heavier ions, the screening effect is
much more pronounced. Where the unscreened model predicts 100-percent drift
collection at all biases above a few volts, the screened-funnel predictions
fall considerably lower and much closer to the measurements. Compared to
measured data, the screening treatment moderately overpredicts 1low-bias
collection and, to a lesser extent, understates collection at high bias.

(a) 0.20 T Y T (b) 0.20 T T T

0.16

CHARGE (PC)
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Figure 52. 5.2-MeV a-particles in GaAs: (a) Np = 8.0 x 10'* em™? and
(b) Np = 1.3 x 10'% cm~?,
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(b) Np = 1.3 x 10'% cm™?.

62.5-MeV 2%C1 ions in GaAs:
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Figures 56 to 59 show comparisons between experimental data on sili- 't-.f
con from Oldham and McLean [10]* and predictions from both the MclLean-Oldham A
by model and that model modified by the plasma-screening factor. The perform- N
;q'.;. ances of the two funnel treatments are much the same in silicon as in gallium g,"
a:'ﬁz arsenide. In both n-type and p-type silicon, the screened-funnel predictions ,.,f;
:IE:!.: for a-particles are shifted down only slightly from the McLean—-Oldham funnel :H
f:i'& predictions, and the screened-funnel predictions for copper ions again are ge
T moderately overstated at low bias and understated at higher biases relative to —
iy the measured data. The agreement seems to be better in the n-type silicon. s
:t',!' In figures 57 and 59, the screened funnel predictions also show a negative ‘,: :
n":::: slope at intermediate biases. This effect derives from the application of the g
:e,i:y screening factor to just the funneled portion of the prompt charge predicted : ;
~’::l; by the McLean-Oldham model. At these biases, the decrease in this product &. N
more than offsets the increase in the depletion-layer contribution. The over- =
il all result of the treatment, nevertheless, is an improvement in the prediction )
:‘i:; accuracy for heavy ions in n-type silicon, and a slight improvement for heavy
!cz: fons in p-type silicon at the lower biases. :
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[t is also significant that the plasma screening treatment predicts
stronger funneling in silicon under heavy-ion bombardment than in gallium
arsenide under similar conditions. This prediction is borne out by measure-
ments (compare, for example, fig. 55(b) with 57(b)). This result is consis-
tent with the representation of plasma screening as an effect dependent on
track conductivity through the skin depth: for a given ionization density,
the gallium arsenide plasma has a much higher conductivity than the silicon
plasma. This is because the electron mobility in gallium arsenide is almost 6
times higher than it is in silicon and almost 20 times higher than the hole
mobility in silicon. Screening in gallium arsenide should therefore be a
correspondingly stronger influence. As an illustration of this difference,
tables 3 and 4 give the values of the critical screening parameters (xD, 1, &,
L} and the resulting screening factor fs as functions of junction bias for a-
particles and copper ions incident on n-type gallium arsenide and n-type
silicon. Similar tables for other diode samples and other ion-beam exposures
are given in appendix D.

TABLE 3. SCREENING PARAMETERS FOR N~TYPE GaAs

A. 5.24-MeV_alpha particles in 8.0 x 10'*
em™* diode (No = 4.50 x 10® ion pairs/cm)

Bias Xp 1 8 L f

(V) (um) (ns) (um)  (um) (unitless)
0 1.3% 0.30 19.60  2.30 0.89
2 2.32 0.33 20.64  4.14 0.82
5 3.28 0.35 21.18  5.91 0.76

10 4.44  0.37 21.84  7.96 0.69

15 5.36 0.39 22.28  9.u8 0.55

20 6.14  0.40 22.7T 10.T1 0.62

B. 56.9-MeV copper ions in 8.0 x 10'* cm™®
diode (No = 2,19 x 10'° ion pairs/cm)

Bias Xp T 8 L fs
(V) (um) (ns) (um) (um) (unitless)
0 1.34 1.94 7.20 5.92 0.44
2 2.32 1.1 5.45 7.69 0.24
5 3.28 0.58 3.92 7.69 0.14
10 4.44  0.35 3.07 T7.69 0.08
15 5.36 0.28 2.T4 7.69 0.06
20 6.14 0.25 2.57 7.69 0.05
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TABLE 4. SCREENING PARAMETERS FOR N-TYPE Si

A. 5.20-MeV_alpha particles in 1.0 x 10'*
cm™? diode (No = 3.83 x 10® ion pairs/cm)

fag Blas  xp 1 5 L £
R (V) m) () (um)  (um)  (unitfess)
A ]
D O 1.14 0.30 50.77 2.45 0.95
vt 2 1.97 0.28 49,18 3.88 0.92
"y 5 2.79 0.29 50.11 5.16 0.90
1 10 3.77 0.30 51.45 6.58 0.88
i 15 4.55 0.32 52.80 7.66  0.86
o 20 5.21 0.33 53.26 8.53 0.85
4'0._‘2'&

B. 59.6-MeV copper ions in 2.8 x 10!'* cm™*
B diode (N_ = 1.95 x 10!° jon pairs/cm)
PN o
‘:%g Bias  xp T § L fq
) (V)  (um) (ns) (um) (um) (unitless)

0 0.68 1.08 13.54 4,82 0.70
2 1,18 0.98 12.9 7.75 0.55
5 1.66 0.8 12.32 10.16 0.44
10 2.25 0.59 9.99 10.16 0.36
15 2.72 0.48 9.07 10.16 0.33
20 3.1 0.43 8.51 10.16 0.30

M4 6. CONCLUSIONS

WSY

; n The primary objective of this study was the experimental determination of
:, ) the electrical response of reverse-biased n-type Schottky-barrier gallium
! arsenide diodes to heavy-ion bombardment. This response was measured in terms
W of ionization charge collection attributable to the electric-field transport
R (drift) of carriers, a collection process that is typically completed in less
",':.'. than a nanosecond. There were two measures of comparison. The first was the
;.::: prompt collection provided by ionization charge generated in the diode deple-
3,’&, tion layer. Prompt collection over and above this was held to be a result of

electric~field funneling. The second measure was the corresponding collection
of charge via drift transport in silicon, the semiconductor material currently

-6: most used in digital device technology.
ij <
1 Results of experiments showed that funneling of ionization charge in these
" . gallium arsenide diodes is a significant influence, especially for the lighter
ions considered. However, the funneling contribution was shown to diminish in
,“.‘- relative magnitude for the heavier ions, contributing in the case of copper
A :\ ions little more than a few tens of percentage points of the total prompt
'y charge collected. This trend was seen to occur to a much lesser degree in
:l.o‘: silicon diodes. The implication of this result is that silicon devices will
'o:::», be more vulnerable than gallium arsenide devices to single-event upset caused
o
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5
;: by heavy ions. Neither the Hu nor McLean-Oldham analytical funnel models
L predict for gallium arsenide this pronounced diminution of funnel strength in
ke the heavier ion tracks.
a3 The observed falloff in funneling in heavy-ion tracks is held to be the
G consequence of plasma screening. In the more dense ionization of the heavy-
;j‘ ion track, longitudinal funnel fields are believed to be screened from the end
£ of the track by the quasistatic polarization of the ionization column. A
nf plasma screening factor has been developed here and applied to the McLean-
. Oldham model; the factor depends on a characteristic skin depth based on plane
:}: wave attenuation in a conducting material. Reduced predictions of prompt
o charge collection have been calculated with this model and compared to meas-
- urements in gallium arsenide. The improvement in prediction accuracy over the
Zv unscreened funnel model is substantial. Similar comparisons were made on data
“ reported in the literature for both n- and p-type silicon diodes, Results
showed similar improvement in prediction accuracy for the former and a lesser
g improvement for the latter, mainly at lower biases.
3,
- Two aspects of these comparisons support the screening interpretation

presented here. First, the screening treatment produced only a small effect
! for the lightly ionized tracks of a-particles, falling close to measurements
and predictions from the unscreened McLean-Oldham model. The same screening
model predicted a much stronger screening effect on funneling for the more
heavily ionized tracks of oxygen, chlorine, and copper ions, in both gallium

et

v

~

;i arsenide and silicon. These predictions followed measured results reasonably
5y well, while the unscreened model consistently overpredicted prompt charge
1t collection. The second aspect that lends support to the screening interpreta-
. tion is that, for all other things equal in gallium arsenide and silicon, the
o model predicts a more pronounced screening effect in n-type gallium arsenide
5 than in either type of silicon. This is because the electron mobility in
a: gallium arsenide is much larger than carrier mobilities in silicon. Compari-
o sons of results of experiments here and in the literature bear this prediction
N out; i.e., the screening treatment reproduces this basic difference in the
observed responses of the two semiconductor materials.
p o
{j The conclusion reached in this study is that gallium arsenide offers even
‘:; more promise in high-speed device technology than expected, because plasma
:j screening associated with its high electron mobility strongly mitigates the

SEU response of the material to heavy-ion bombardments.

Ny Finally, it must be acknowledged that the screening treatment developed
X here is empirical, developed in response to the observed falloff in funnel
'& strength in heavy-ion tracks in gallium arsenide. Nevertheless, it is a
simple, straightforward modification to the McLean-Oldham model that appears
i ¥, to work reasonably well, giving the design engineer a convenient means to more
acurately estimate the response of his circuits to heavy-ion strikes.
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APPENDIX A.--TOTAL STOPPING POWERS FOR ALL IONS IN GERMANIUM AND SILICON
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"f«. Figures A~1 through A~8 show the Ziegler! total stopping powers of all “'
ions in germanium and silicon for the ion energy range of 0.2 to 5 MeV/amu. i
b The germanium data were used instead of data on gallium arsenide, with appro- L
2; priate adjustment for the differing mass densities during conversion of these ':.::'
-'j, data to linear ion penetrations of the diode epitaxies. Ion energies per
S . . . N W
K | atomic mass unit at the diode junctions were as follows: -
~'|‘ ‘"-;:
s e
bl Ion energy/amu Eé:
W material a 0 c1 Cu et
A Gallium arsenide 1.310 1.106 1.761 0.895 ey
A Silicon 1.300 1.031 1.718  0.831 A
W L
\} ‘c
é.:’ "..AI‘
e Ionization profiles (fig. 26 to 34 in the body of the report) were devel- ,
,':: oped using these stopping powers. For ion energies below 0.2 MeV/amu, the AR
:::. Ziegler stopping powers were linearly extrapolated to zero at zero ion energy. U
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x 1J. F. liegler, Handbook of Stopping Cross-Sections for Energetic Ions in A1l Elements, Vol, 5,
sty Pergamon Press, Inc. (1980).
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to 0.8 MeV/amu (from Ziegler, ref 1).
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Figure A-4, Total stopping powers in Ge for S + U ions with energies from 0.5
to 5.0 MeV/amu (from Ziegler, ref 1).
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APPENDIX B

Table B-1 gives the capacitances of the GaAs test diodes (including the
diode holder capacitance, 8.64 pF) as functions of bias voltage. Except as
noted, these capacitances were measured in situ immediately before and after
ion-beam exposures. Included in these tables are the percent differences in
capacitances measured after exposure relative to pre-exposure values. Table
B-2 gives the corresponding data for the low-doped silicon calibration diodes
used for the heavy-ion experiments. In both tables B-1 and B-2, changes in
capacitance were typically 0 to 3 percent and were usually larger after expos-
ure. Table B-3 shows representative results of a cross check on the accuracy
of the Boonton T72BD. This was done using an HP 4275A LCR meter. The very
small differences (typically a few percentage points or less) tend to estab-
lish the accuracy of the capacitance measurements made with the Boonton T72BD
meter, which was considered the most reliable source of capacitance informa-
tion during this study.
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’ TABLE B-1. IN-SITU CAPACITANCE OF GaAs DIODES AND HOLDER
iy (INSTRUMENT: BOONTON 72BD)
;n A. GaAs diode sample 2~12 (N = 8.0 x 10'* em™?), a-particles
&4
by
i Capacitance (pF)
]
Reverse bias Difference (%)
& voltage (V) Pre-exposure Post-exposure
L 15
Y, 0 79.34 78.30 -1.3
) -1 55.25 -- -
i -2 46.54 46.90 +0.77
’ -5 35.64 36.10 +1.29
) -10 28.94 29.70 +2.63
55 -15 25.64 26.60 +3.74
99: =20 23.74 23.80 +0,.25
K -25 22,44 -- -
i -30 20.44 22.30 +9.,10 e
o -40 19.84 20.80 +4,84 OR
-50 18.72 19.70 +5.23 o
s s
% [
N \ 3
5 B. GaAs diode sample 1-2 (Np = 1.3 x 10'® cm™®), a-particles : Ql
. A4y
Capacitance (pF)
) Reverse Ddias Difference (%)
g voltage (V) Pre-exposure Post-exposure
0 119.52 118.30 -1.02
i -1 76.32 -- -
-2 61.72 61.90 +0.29
3 -5 45,12 45 .40 +0.62 b
o -10 35.42 35.50 +0.22 ]
I -15 30.92 31.30 +1.23 Mg
4 -20 28.32 28.70 +1.34 wedd
(2 -25 26.52 - -~ g
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Ly - . 22.40 +1.72 Dy
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e TABLE B-1. IN-SITU CAPACITANCE OF GaAs DIODES AND HOLDER —
y (cont'd) e
e (INSTRUMENT: BOONTON 72BD) el
¥ A4
: C. GaAs diode sample 2-3 (Np = 8.0 «x 10'* em~?), O ions :.g-i
[) 4
& . Capacitance (pF) Wt
Reverse bias Difference (%) .
0 voltage (V) Pre-exposure Post-exposure M
) ~‘ s
2% 0 66.55 65.71 -1.26 b }{
ga; -1 48.75 - - 3@
K -2 41.75 41.71 +0.10 e
-5 33.15 33.01 -0.42
e -10 27.55 27.61 +0.22 =
o -15 24,85 25.01 +0.64 b
i -20 23.25 23.41 +0.69 iy
W > 2 :
W -25 22.05 W
w -30 21.15 21.21 +0.28 N
- -40 19.75 19.18 -0.30
-50 18.85 18.71 -0.74 o
o R
4 A
gt vy
o D. GaAs diode sample 1-7 (Np = 1.3 x 10'° em™%), O ions y v
" Qo)
" ’
‘é ) Capacitance (pF) e
Reverse bias Difference (%)
": voltage (V) Pre-exposure Post-exposure
?53 0 121.65 121.61 0.00
&S -1 76.85 - -
ne! -2 61.15 62.81 +2.71
-5 45.05 45.81 +1.69
ﬁﬁ -10 35.15 35.91 +2.16 ﬁig
" -15 30.65 31.1 +2.48 N
R ~20 28.05 28.81 +2.71 s?
" -25 26.25 - -- 0
hy -30 24.85 25.61 +3.06 Wy
i -40 22.95 23.T +3.31 —
i -50 21.55 22.41 +3.99 ]
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APPENDIX B

TABLE B~-1.

IN~-SITU CAPACITANCE OF GaAs DIODES AND HOLDER
(cont'd)
( INSTRUMENT :

BOONTON 72BD)

E. GaAs diode sample 2-7 (Nj = 8.0 x 10** em™*), Cl ions

Reverse bias
voltage (V)

Capacitance (pF)

Difference (%)

Pre-exposure Post—exposure‘

0 87.34 83.66 4.1
-1 58.24 57.56 1.17
-2 48.24 48,26 0.04
-5 36.34 36.86 1.43

-10 29.34 30.26 3.13
=15 26.14 27.06 3.52
=20 24.14 25.16 y,22
=25 22.74 23.66 4,04
-30 21.74 22.66 4,23
=40 20.14 21.06 4,57
=50 18.97 19.96 5.22

F. GaAs diode sample 1-13 (Np =

1.3 x 10!% em=%), Cl ions

Reverse bias

Capacitance (pF)

Difference (%)

voltage (V) Pre-exposure Post~exposure?

0 123.54 121.06 -2.00
-1 78.64 79.46 +1.04
-2 63.64 64.96 +2.07
-5 46.44 47,96 +3.27

-10 36.24 38.16 +5.30
-15 31.64 33.56 +6.07
=20 28.94 30.96 +6.98
-25 24.04 29.06 +20.88
=30 25.64 27.66 +7.88
=40 23.64 25.56 +8.12
=50 22.84 24.16 +5.78

°Post-exposure measurements made 16 months after experiment.
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APPENDIX B

TABLE B-1. IN-SITU CAPACITANCE OF GaAs DIODES AND HOLDER
(cont'd)
(INSTRUMENT: BOONTON T72BD)

G. GaAs diode sample 2-1 (Np = 8.0 x 10'* c¢m™%), Cu ions

. Capacitance (pF)
Reverse bias Difference (%)
voltage (V) Pre-exposure Post-exposure

0 90.64 89.84 -0.88
-1 59.64 -- -
-2 49,44 49,04 -0.81
-5 37.04 36.94 -0.27

-10 30.04 29.64 -1.33

=15 26.74 26.34 -1.49

=20 24,74 2h. 4y -1.21

=25 23.34 ~-- --

=30 22.24 21.94 -1.35

=40 20.64 20.34 -1.45

-50 19.54 19.24 -1.53

H. GaAs diode sample 1-8 (Np = 1.3 x 10'® em™®), Cu ions

] Capacitance (pF)
Reverse bias Difference (%)
voltage (V) Pre-exposure Post-exposure

124,34 122.93 -1.13
78.84 -- -
63.84 63.33 -0.80
u6.54 46.13 -0.88
36.44 36.03 -1.29
31.84 31.43 -1.23
29.14 28.63 -1.75
27.24 -- --
25.84 25.43 -1.59
23.94 23.53 -1.7
22.64 22.23 -1.81
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el APPENDIX B

' TABLE B-2. IN-SITU CAPACITANCE OF Si CALIBRATIN" DIODES
§ AND HOLDER
i (INSTRUMENT: BQONTON 72BD)

A A. Si diode sample SD-4 (Np = 9 = 10'* em™?), O ions

Capacitance F
Reverse bias P (pF)

Diff
voltage (V) ifference (%)

Pre-exposure Post-exposure

0 51.04 51.02 -0.04
-1 33.44 -- --
-2 28.04 28.42 +1.35
-5 21.94 22.32 +1,73
o -10 18.43 18.72 +1.57
o -15 16.78 17.12 +2.03
W -20 15.80 16.12 +2.02
:,:. -25 15.13 - -
iy -30 14,63 14,92 +1.98
o -40 13.92 14,22 +2.15
- -50 13.43 13.72 +2.16
«““
3 B. S1i diode sample SD~6 (Ny = 9 x 10'* em=*), Cl ions
‘M
" Capacitance (pF)
, Reverse bias Difference (%)
Yt voltage (V) Pre-exposure Post-exposure
WY 0 54.53 56.2 -3.0€6
At -1 35.63 - -
o -2 29.73 30.0 +0.91
ol -5 23.13 23.40 +1.17
) -10 19.33 19.60 +1.40
f.?, -15 17.54 17.80 +1.48
=20 16.45 16.62 +1.03
4, =25 15-69 - -
'..;a -30 15.14 15.31 +1,12
.0‘: -40 14.34 14,52 +1.25
::, -50 13.79 13.97 +1.30
h
R
R C. 51 diode sample SD-3 (Np = 9 x 10'* em=?), Cu fons
; Capacitance (pF)
<:§ Re"‘t’”’e ‘(’1“ Difference (%)
;zl’ voltage (V) Pre-exposure Post-exposure
BN )
i; 0 52.50 51.57 -1.77
KX -1 34.61 - --
- -2 29.11 28.67 -1.51
e -5 23.01 22,47 +2.35 vigd
P -10 19. 41 18.97 -2.27 oot
) -15 17.65 17.12 ~3.00 o
NN -20 16.65 16.1 -3.24 e
B -25 15.97 -- -- A
vE -30 15.50 14,98 -3.35 MO
o ~-40 14,90 14,40 -3.35%
=50 14,53 14,02 -3.51 “T'
et "‘;
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M ' 5:"‘
(M
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i TABLE B-3. CROSS-CHECK ON BOONTON 72BD CAPACITANCE METER® 'g;
A )
;“& ; Capacitance (pF) "
Q\i Reverse blas Difference (%) h }
At voltage (V) Pre-exposure Post—-exposure '?ﬁ
o 0 121.65 121.40 -0.205 o
Y -1 76.85 77.32 +0.608 L
e -2 61.15 62.60 +2.32 St
% -5 45.05 45.66 +1.33 o]
i -10 35.15 35.90 +2.09 e
o =20 28.05 28.79 +2,48
o -25 26.25 26.99 +2.74 o
. -30 24.85 25.66 +3.16 W
) 1
3measurements performed on diode sample 1~7 (ND =1.3x 1015 cm-3). "q'
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' APPENDIX C.--COMPARISONS OF REVERSE~BIAS LEAKAGE IN GALLIUM ARSENIDE

Sho! DIODES BEFORE AND AFTER ION BOMBARDMENT
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FIGURES

Page

Kty C-1. Reverse-bias I-V curves for GaAs diode 2-11 (Nj = 8.0 x 10

cm-s) LK B BB I BRI B Y N B I R B N K R R R R R A N N A N N A N A A I N N N N N NN N NN NN TR X 96
%gl C-2. Reverse-bias I-V curves for GaAs diode 1-5 (ND = 1,3 x 10?3
8 cm-a)

® 0 0 00 0000000000000 0000 FTOLIP000EORNILENILOROOROIRTESEOEOLOIEOIEDAETS DS 96

", C-3. Reverse-bias I~V curves for GaAs diode 2-3 (ND = 8.0 x 10"

Cm-s) 6600 00000500000 PIRELEN IO E000CLPEENRIGGECERIGISINSIBITOIESIEIOONLIOTSP 97

) C-4. Reverse-bias I-V curves for GaAs diode 1-7 (Np = 1.3 x 1018
cm-s) ® 0 0 2 8 0 8 08 080 E ST OSSPV OE LD PEOEPS LSO NSO EERSSOSIEEORSE 97

ﬁs C-5. Reverse-bias I-V curves for GaAs diode 2-7 (Np = 8.0 x 10"
| em™?)

LR A N I A I A A I A N A A N N LI IR B A I S S R SN I B R I S RE B B A A SR N 3 B N N B S I ] 98

‘*5 C-6. Reverse-bias I-V curves for GaAs diode 1-13 (ND = 1.3 x 10!°

J#' Cm_a) ® 90 4000000000000 00000080 LN ELNNPOO0P00Cs0LISSIOILLINOGEIESIIOESIOEOTSCETS 98
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APPENDIX C

Figures 11 through 12 in the main body of the report showWw reverse-bias
current-voltage characterizations of typical low~ and high-doped GaAs diodes,
recorded before and after their subjection to ion bombardment. Figures C-1
through C-6 show these data for the rest of the test samples. These char-
acterizations generally showed improved reverse-bias leakage performance
following particle~beam exposures.

Cumulative heavy-ion strikes (in the accelerator particle beams) were
approximately 10°® to 10" particles per diode, while cumulative a-particle
strikes were approximately 10% alpha particles per diode. The larger o-
particle fluences were a consequence of uninterrupted exposure of the diode to
the 2“!'Am a-particle source over the entire voltage-run sequence. This was in
contrast to the heavy-ion exposures, which were interrupted between recordings
at each bias voltage using the vacuum gate valve.

Diodes 1~13, 1~5, 2~11, and 2-1 showed essentially no change after their
respective heavy~ion exposures, while diode 2~7 showed the largest reduction
in leakage current, dropping from an initial value of about 75 nA at =50 V to
about 10 nA at the same voltage. The remaining diodes showed intermediate re-
ductions ranging from -33 percent for diode 1-8 to =17 percent for diode 2=
3. No consistent pattern based on initial leakage value, doping, or ion~beam
exposure is apparent in these results.

Notwithstanding these differences, the data show that the Schottky barrier
junctions withstood the ion bombardments in all cases. The cause of the re-
ductions in leakage current is not known. It is conjectured here that the
effect is attributable to reduced carrier mobilities associated with increased
defect (scattering-center) densities, which tend to increase the resistivity
of the semiconductor material.
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APPENDIX C

Figurs 7-1, Reverse-bias I-V curves for GaAs diode 2-11 (ND = 8.0 x 10!
em~3%): (a) before, (b) after a-particle exposure.

Figure C-2. Reverse-bias I-V curves for GaAs diode 1-5 (ND = 1.3 = 1
em~3): (a) before, (b) after a-particle exposure.
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APPENDIX C

Figure C-3. Reverse-bias I-V curves for GaAs diode 2-3 (N, = 8.0 x 10'*

em™3):

(a) before, (b) after O-beam exposure.

Figure C~4, Reverse-bias I1-V curves for GaAs diode 1-7 (ND = 1,3 x 101°

cm™3):

P e T AT e N T
-’:4 ."-’:*-\u}"-,

{a) before, (b) after O-~beam exposure.
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c The following tables present the critical screening parameters for silicon
o and gallium arsenide diodes under a-particle and copper~-ion bombardments.
R
(K )
i
;ﬁﬂ TABLE D-1. SCREENING PARAMETERS FOR
¢ N-TYPE GaAs TABLE D-2. SCREENING PARAMETERS FOR N-TYPE Si
;i';' A. 5.24-MeV g-particles in 1.3 x 10'* cm™? A. 5.20-MeV g-particles in 4.0 x 10'% cm™?
M diode (No = 4,56 x 10 ion pairs/cm) diode (N° = 3.83 x 10* ion pairs/cm)
)
[
1 Blas xp 1 8 L r Blas x;, 1 8 L r
uﬁ* (V) (um) (ns) (um) (um) (unitfess) (V)  (um) (ns) (um) (um) (unltiess)
A
0 1.05 0.21 16.48 1.94 0.89 0 0.57 0.10 29.14 1.33 0.955
2 1.82 0.24 17.52 3.48 0.82 2 0.98 0.10 29.97 2.07 0.93
e 5 2.58 0.25 17.92 4.9 0.76 5 1.39 0.11  30.88 2.7 0.92
,l.:; 10 3.49  0.27 18.52  6.54 0.70 10 1.89 0.12 31.88 3.40 0.90
‘:‘ﬂ 15 b.21 0.28 18.99 7.7 0.67 15 2.27 0.12 32.69 3.9 0.89
o 20 4,82 0.29 19.28 8.64 0.64 20 2,61 0.13 33.52 4,32 0.88
e
B. 56.9-MeV copper ions in 1.3 x 10'% cm™? B. 59.6-MeV copper ions {n 4.7 x 10" cm™?
e diode (No = 2.19 x 10'° 1ion pairs/cm) diode (No = 1.95 x 10'® fon pairs/cm)
[ >
‘ﬁ' Blas  xg T s L f Bias x, T s L r
R (V) () (ns) (um)  (um)  (unitfess) (V) (uB) (ns) (@)  (um) (unitDess)
.'.‘
oA 0 1.05 1.50 6.33 5.18 0.4y 0 1.66 4,49 27.62 10,00 0.70
2 1.82 1.11  5.45 7.69 0.24 2 2.87 1.64 16,66 10,16 0.54
i 5 2.58 0.58 3.92 7.69 0.14 5 4,06 0.89 12.32 10.16 0.44
+ 10 3.49 0.35 3.07 7.69 0.08 10 5.50 0.59 9.99 10.16 0.36
5 15 .21 0.28 2.74 7.69 0.06 15 6.63 0.48 9.07 10.16 0.33
::. 20 4,82 0.25 2.57 7.69 0.05 20 7.60 0.43 8.51 10.16 0.30
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; RS
o
o TABLE D-3. SCREENING PARAMETERS FOR P-TYPE Si *{;';g
iy . i
::: A. 5.20-MeV a-particles in 8.0 ; H))"‘ om 3:;5
pe diode (No = 3.83 x 10* ion pairs/cm X
[}
) B1 x x s L ri, »
o as .
| (V) () (ns)  (um) (o) (unitTess) i
2 0 1.27 0.51 115,42 5,57 0.95 o
ot 2 2,20 0.4 103.79  B.47 0.92 o
i 5 3.11 0.39 101.06 10.87  0.90 i
i 0.39 100.42 13.05 0.88 :
! 10 4,22 0.88
e 15  5.09 0.39 100.90 14.M 0.87 p
" 20 5.83 0.39 101.02 15.39 . ‘:;:
L
. 0 x 10'* cm™? .:tt.’_
& B. 5.20-MeV a-particles in 3. rom) 'g*..
:'.:a‘ diode (No = 3.83 x 10°* fon pairs/cm :AE.:
: :
i Bias x T é "
(v) (ul[l)l) (ns) (pm) (um) (uniti‘ess) "
A
. 0.16 65.62  3.09 0.95 "b
S T 62,42 1,52 0.93 W
o 2 1.8 0,15 0.93 )
" 5 1.61 0.15 62.35 5.49 0.92 i
o™ 10 2.18 0.15 62.27  6.23 0.50 A
s 15  2.63 0.15 62.37  6.65 0.50
o 20 3.01 0.15 62.68 6.98 . .?;
v .‘.;
- ) ¢t
IA 108 cm™? o
o « 59.6-MeV copper ions in 3.6 x o
::" glode (io' 1.95 x 10*° ion pairs/cm) :‘}::‘
i “‘r'
& L r i
S:t: ?3?3 (:3) (ns) (:n) (um)  (unitiess)
..ﬂ( |;
" .29  10.16 0.7 i
> 3% ooss 5'91 23 10.16 0.55 "
. 2 3.28 0.58 . o !
L 13.42 10.16 0. !
i ] Zgg 038 11.86 10016 oo i
it 15 758 o 11.23 10.16 g.;g N
) 20 8.69 0.23 10.92 . .
.l,‘ g .\
B! :
|oll ca" g
. 59.6-MeV copper ions in 1.8 x o
5 310« (ﬁo = 1.95 x 10'® ion pairs/cm) k
R § %
i ) L r ]
e Bias «x T %
P (V) () (rs)  (m) (w)  (unitfess)
!#.G =
. 0 0.85 1.68 29.29 1o.:g g.;; ‘,:;:
2 1.7 0.58 17.53 :8°16 0-55 i
[N 5 2.08 0.35 1?-86 100‘6 o'uz "‘:‘
.-“; 10 2.8; 8.:2 :‘.23 ‘0.‘6 9-u2 ,‘:‘:
b 15 3.3 . . .
o 20 3,88 0.23 10.92  10.16 0.39
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& APPENDIX D

e, TABLE D-4. SCREENING PARAMETERS FOR Si

b&&f CALIBRATION DIODES (Nj = 9.0 x 10'® cm=?)

it

* ‘0 -

Q&ﬁ A. 5.20-MeV a-particles (N_ = 3.83 x 10°®

’i*:?: ion pairs/cm).

. Bias Xp T [ L fs

o8 (V) (um)  (ns)  (uwm)  (um) (unitless)

‘:&Q.

[‘\7- l“

KR 0 3.79 2.61 150.83  7.62 0.95

oy 2 6.57 2.16 137.11 11,73 0.92

o 5 9.28 2.00 131.99 15.65 0.89

N 10 12.57 1.91 129,08 20.22 0.86

W 15 15.16  1.90 128.69 23.75 0.83

el 20 17.37 1.80 125.30 25.94 0.81

LY

L

e B. 52.8-MeV copper ions (ﬁo = 1,91 x 10!° {on

pairs/cm)

I

20 Bias  xp 1 6 L fg

K

it (V)  (um)  (ns) (um) (um)  (unitless)

5‘.,“

p 0 3.79 3.81 25.75  9.24 0.70
' 2 6.7 1.37 15.46 9,24 0.55
. 5 9.28 0.76 11.50 9.2 0.45

K 10 12,57 0.51  9.43  9.24 0.38

o 15 15.16 0.42 8,55  9.24 0.34

Wiy 20 17.37  0.37 8.01 9.24 0.32
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